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CHAPTER 1

INTRODUCT ION

1.1 Introduction

This interim technical report describes the continuing perform-

ance of the Solar Test House at USAFA (Fig. 1—1) from May 1976 to

Apr il 1977. This report is the second in a series of reports aimed

at evaluating the data collected by the data and control system at

the house. Date’ analysis, evaluation of modifications made to improve

the performance of the various components and the evaluation of

improved overall efficiency -ire the main thrusts of this report.

The first interim t.chnical report , FJSRL TR 76—0008, September 1976,

should be re fe renc ed for  details on or iginal system construction .

The project coordination with the Air Force Systems Command

has been shifted from the Air Force Civil Engineering Center to the

Civil and Environmental Engineering Development Organization (CEEDO) .

Support tor the project continues to come fron the Frank J. Seiler

Research Laboratory.

This report should provide a base of information for use by

engineers in the field while analyzing various designs f or pos sibl e

problem areas. By enumerating the difficulties observed with an

operating solar energy system , by analyz ing the effectiveness of the

attempted corrections , and by illustrating the efficiencies possible

from such sys tims , th is report can be referenced as a measure of

pirformance and a source of possible solutions to future problems.

1—1
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Figure 1—1. USAFA Solar Test House
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In this l ight , emphasis  wi l l  he placed on observa t ions  of the

researchers  in areas d i f f i c u l t  to q u a n t i fy .  Da ta  and i ts  analysis

are included to substantiate actual results.

1.2 Pro ject Objectives

The objectives of this project remain:

a. to develop baseline desi gn c r i t e r i a  to suppor t  f u t u r e

Air Force solar  energy programs ;

b. to obtain sound design , cons t ruc t ion , and operat ions

and maintenance experience in real property—oriented solar energy

sys tems ;

c. to obtain sound cost data on such solar energy systems

upon which future economic effectiveness models may be based.

1.3 App roach

The approach taken during the first ycdr of operation of this

solar energy system was that of observing the various components in

operation and the effects of the parameters on overall efficiency.

The primary concern during the early stages of the project was opera-

tion and ref inement of the interface of the collector , storage tank

and hou sc h - i t  ir.g systems. The analysis c-f the data collected was

handled through the computer programs designed to g ive the researchers

the most vtt~~1 information at first glance. Pctailed analysis of the

more t e c l u i i c i l  areas  were  covered by f u r t h er  c o m p u t e r  ana lys i s  or by

assigning those areas to cadets as special p r o j e c t s .  This series

of p r i o r i t i e s  led to emph as i s  being pl u c e d  on m a i n t . u i n i n g  the  system

at  top  p i - r f ’ r m an cc  and addres s ing  t h e  p r o f  u r n s  s I th p e r f o r m a n c e

1—3
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d irec tly as they appeared . As will be discussed in this report ,

various attempts at improving that performance were successful , and

the data analysis will show the extent.

The units used in this report are a mixture of English and SI.

The data system and daily analysis computer program u~3ed English

units until May 1977. The summaries listed for monthly and yearly

performance are in SI units. Where appropriate , both types of units

are given ; however , due to common practice in the construction indus—

try , heat transmission and resistance coefficiernts are listed in

English units.

1.4 Contents of the Report

This report covers the period of data collection from May 1976

to April 1977. The overall performance period is extended to include

the very earliest operations to show the effects of operational and

system changes. The use of energy conservation techniques is dis-

cussed to illustrate the effects on system performance when the

heat ing load is reduced . This area could be applied to any type of

structure , not just those with solar energy applications. The

control system was modified to increase accuracy of measurement and

to allow additional parameters to be analyzed. The use of thermog-

raphy , itself a new field , is covered to show its direct application

to solar energy subsystem performance determination . \n extensive

section of the report discusses the data obtained during operation

and i ts da i ly , mon thly and yearly sign i f icance . F in a l l y , conclusions

reached during this period of operation and recommendations for the

1—4
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future are listed to illustrate the scope of the continuing research

at this test house.
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CHAPTER 2

SYSTEMS AND OPERATIONAL CHANGES

2.1 Ground Ar ray

The ground a r ray  (Fig .  2—1 ) was chosen as a test  bed for  the

mod i f i ca t i ons  to be made to the collector loops. The ground array ’s

location allowed quick and easy access for making these changes

without the safety hazards and multiple trusses encountered when

working on the roof array. The changes made on the ground array

were the addition of a heat exchanger to the collection fluid loop,

the addition of a bleed air line to the collectors , the variation of

the slope of the array itself , the add ition of air pres sure ga uges ,

and the insulation of the plumbing raceways .

2.1.1 Heat Exchangers

During the first year of operation of the solar energy

system , there was a significant temperature difference during the

heat exchange between the collection fluid and the storage tank

water. The temperature of the fluid in the heat exchangers was not

unexpected , as all heat exchangers have an efficiency of heat transfer

less than 100%. However , the heat transfer temperature difference

dictated the temperature returning to the collectors during operation

and thus directly affected collector efficiency. Solar energy col-

lector efficiency is a function of the temperature of the fluid in

the collector and the temperature of the panel absorbing surface. —

The higher the t .rnp&- rit ure of a f l a t  p l a t e  co l l ec to r  s u r f a c e , the

2— 1
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larger  the d r iv ing  t e m p e r a t ur e  d i f f e r e n c e  h t -Lween  ~he co l l ec to r

and the ambient  air , and the lower the c o l l e c t i o n  e f f i c i .ency

(F ig .  2-2) .

Dur ing  the  summer of 1976 , a n o t h e r  hea t  exchanger  was added

to the ground a r ray  collection f lu i d  loop ( 11g .  2 — 3 ) .  Th i s  heat

exchanger  was e x a c t l y  the  same type  as or i g i n a l l y  in s t a l L eJ , sheet

and t u b e , steel c o n s t r u c t i o n .  T t  was in sr . - iJ led in para l le l  wi th  the

o the r  two heat ,  exchangers  and was l o c a t e d  w i t h i n  10cm of the center

of t he  s t o r a g e  t a n k .  A d i e l e c t r i c  union was ~c c i i n  used in an a t t e m p t

to i s o l a t e  the steel heat  exchanger  f rom t h e  copper p lumbing.  Dur ing

th i s  work , co r ros ion  on the o the r  heat  exc hangers  w i s  no ted  (F i g. 2 — 4 ) .

O p e r a t i o n  of t he  ground a r r ay  co l lec t ion  loop changed with

respect  to t h a t  of  the  roof a . r a y  a f t e r  thL- m o d i f i c a t i on . T h e

t e m p e r a t u r e  of t h e  w a t e r  r e t u r n i n g  to  t h e  g r o u n d  array more closely

a p p r o x i m a t e d  t h a t  of t h e  s to rage  tank . The d i f f e r e n c e  between t h e

t e m p e r a t u r e s  in to  and out  of the  ground  ar:~i . remained as it should ,

bu t  the t e m p er a t u r e  of the  whole  c i r c u i t  t ended  to he lower than  the

roof a r ra ’ - ’ . This  led to two system o p e r a t i o n a l  changes .  F i r s t , t~1e

ground a r r a y  would  a p p a r e n t l y  f u n c t i o n  at a hi gher e l t i c i e n c y  of

collection due r -  t he  lower t e m p e r a t u r e  of the c o l l e c t i o n  f l u i d .

This point wa never  spec i f i c . i l l v  t e~~t c-i h u t  p li ing both irra\’s

at the sam ang le during t h e winter of 977 will a H c~ th is d e t e r —

u l i n a t i o n . Second l v , the  ground a r r , i v  tended to stop n p e r a t  ions in

lii afternoon scu l l er  than the run I at  r ay  • i~ ’ r o nt  r i l i i  i c  empe  ra t u r e

di i f e r e n c ’e for c :ol leu - t ion loop opera t  ion is t u a t  between the w a t e r

com in ~ ou t u~ t i ’ie a r l a y  and thic storage t a n k  i t s e l f .  rh o ground

~
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ar ray  would alway s reach the temper.—. tur e  of the storage tank f i r s t

and would be shut down by the microprocessor approximately 15 minutes

earl ier  than the roof array each day.  Thus , the e x t r a  heat exchanger

acted two ways: it allowed the operation of the collectors at a

higher efficiency, and it caused the collection of energy to stop

Sooner.

2 . 1. 2  Bleed Air Line

Air entrapment in the so lar c o l l e c t o r -  has plagued th i s

system since it f i r s t  s tar ted opera t ion .  In the  p a r a f le l — s e r i e s

plumbing arrangement i t  was easy fo r  a i r  to become t r apped  at the

top of the co l l ec to r s .  This was because  of two prob 1er~s: no rou te

fo r  the air  out  of the system and the balancing of a d i r e c t r e tu rn

plumbing sys tem.

The orig inal des~ gn of the co l l ec to r  loops i n cL u d e d  an expans ion

tank and an a i r  vent  va lve .  On the  ground a r ray ,  the ai r  vent  valve

occasionally did entrap some a i r  b u t  i t  d id  not  on t l :~ roof a r r a y

sys tem.  The tendency fo r  the air to r ise  to t h e  h i - .h point of any

system forced the  air to the top of the  roof array and usually into

the t h i r d  c l u s t e r  of col lectors.

The d i rec t r e t u r n  method used in plumb ing the clusters of col—

lec~~-r s  In p a r a l l e l  was inherent ly  difficult to balance. Although

balanc ing  cocks were instal led , and even ually pressure gauges as

wel l , until the multi plexer discussed in Section 4 was ope ra t i ona l ,

no read ing of the actua l flow pattern was possible. A reverse return

system would have allowed the system to automaticall y balance at the

added cost of ext ra  copper p i p i:g .

2—7
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Thus, once air got in to the sys tem , it was not removed by the

air vent nor the plumbing design. The air would gather at the top

of a collector and block the flow of fluid up one of the parallel

tubes on the absorbing surface. This blockage would stop energy

collection in that area and elevate the surface temperature. This

would further aggravate the problem by flashii~g the nearby water

and e thy lene—g lycol mix ture  to steam . The pressure in the total

system would raise and the “hot spot ” would promul gate across the

panel until complete blockage occurred. Eventually ,  whole clusters

wo u ld stop col lecting energy, thus reducing the effective area for

collection.

The ground array was modified to attempt to solve this problem .

A 0.635cm (1/4”) copper tube was attached to the petcock on the upper

left—hand side of each panel . The tube was then connected to another

0.635cm (1/4”) copper tube running the length of the  array and sloping

upward to the right. At the end of the tube was located an expansion

tank (Fig. 2—5) and another air vent valve. All the petcocks were

opened and the collection system allowed to operate normally.

The bleed air line was also used for the initial charging of

the array. A small submersible pump was attached to the end of the

return water line and turned on while in a bucket containing a mixture

of water and ethylene—g lycol. The petcocks were open ed one by one

until all the air was forced out. However , minute leaks were always

present and the air would eventually get back into the system.

The bleed air l ine did not  appear  to have any e f f ec t  du r ing

opera t ion  of the  co l l ec to r  loops a t  f u l l  f l ow . Air  s ti l l  became

2—8 
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en t r apped  in the  ground a r r a y  almost as f a s t  as the ent rapmen t in

the roof ar ray . Approximate ly  once per month , a norma l recharge

had to be accomplished . However , a f t e r  the mul t ip lexer  (Section 4)

and the  thermography (Section 5) resu l t s  were s tudied , and half

speed f low was chosen , the bleed air line appeared to be effective.

The ground array did not show the hi gh tempera tures  tha t  accompany

an air  blockage while the roof ar ray s t i l l  was blocked as usua l .

The f low ra te  change is more thoroughly discussed in Section 2.3.3.

2.1.3 Air Pressure Gaug~~

In an at temp t to gain information on the flow patterns

in the ground array , air  pressure gauges were added to the collection

loop (Fi g.  2—6) . These gauges would allow d i rec t  observation of the

a c t u a l  pressure at the s t ra tegic  points of f low such as into and

out of the c lus t e r s  of panels. However , the  actual  d i f f e r e n c e s  in

f low pressure  at these points were so small , the  accuracy of the

gauges would not allow its determinat ion.  The pressures dur ing

o p e r a t i o n  of the  loops , when the gauges at  the pump would ind ica te

83 KPa (12 psi),  were usually 55 KPa (8 ps i )  into a cluster  and

2l~ KPa (4 p s i)  out.  As evidence later would show , t h i s  was not an

a c c u r a t e  ind ica t ion  of the f low pa t te rn .

2 .1 .4  Ang le Change

The ground a r r ay  was constructed to allow changes to

be made in the  angle wi th  respect  to the ho r i zon ta l  to th ree  s e t t i n g s :

45 0
, 52° and 600 . On 1 Oct  76 , the  ground a r r a y  was j acked  up by a

crew of f i v e  men and the  600 s add le s  were in s t a l l e d  (F i g.  2 — 7 ) .  This

change a l lowed the  ground a r r a y  panels to be more  c losely  a l i gned

2-10
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perpendicul-i r to the Sun ’S rays d u r i n g  th t -  winter  mon ths .  As is

shown in Appendix  B, the available insolation t o  a c o l l e c t o r  a t  60
0

0 . - -was greater  than at 52 f rom a p p r o x i m a t e l y  i November to  20 February .

Dur ing  t h i s  period the  ground a r r ay  did f u n c t i o n  most of the  t ime at

a b e t t e r  co lle c t i on  efficiency than that of the roof a r r i y . However ,

exact  f i g u r e s  ou how much b e t t e r  were d i f f i c u l t  to calcula:e due to

c o nt i n u i n g  a i r  blockage problems and the  presence of the th i rd  heat

exchange r .  The d i r ec t  evidence was the hi gher t empera tu re  d i f f e r -

ence that occurred between the fluid into the ground array and then

back to the  s t o r a g e  tank when compared to the  roo f a r r ay . Cau t ion

was used in de te rmin ing  e f f i c i e n c i e s  due ta a i r  h io c k a g e  problems on

the roof also e leva t ing  the water  t emperatu re .  Since flow ia t e  was

base’J on valve pos i t ion , the analysis p r ogram could e r rone ol ls lv  cal-

c u l a t e  a hi gh level  of e f f i c i e n c y  w i t h  hi gh te~:.ee rj t u r e s  at  reduced

f low . T h i s  is discussed in d e t a i l  in Se c t io i ~ 6 . 5 .

On the  o ther  side of w i n t e r  so1~~t i c c  the ground a r r a y  angle of

600 becomes Less e f f i c i e n t  at  about  20 Febr ua ry ~nd i t  should be

l o w e r e d  back ~~ 450 by 3 March.  The rec ommended angle changes  are

l i s t ed  in Table  2—1 .

Table 2— 1

Recommended Ground A r r a y  Angle

Date Presen~~_An1
I
~ 

( h i nge To

3 Oct 45° 52°
3 Nov 52° 600

20 Feb 600 52°
3 M a r  5z ° ~4 5 O

2—13
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2.1.5 Insulation of Raceways

Both arrays are constructed with steel flashing cover-

ing the space between the panels. This flashing protects the copper

piping tha t runs between the panels and the supply and return lines

that  are located below the panels. These raceways were not insulated

when first constructed . This lack of insulation allowed grea t amoun ts

of energy to escape the piping as it returned the hot water to the

storage tank. - Fiberglass batts were installed in these raceways to

cut th is  loss as much as pract ica l .  Thermograph y studie s before and

a f t e r  showed tha t  th is  insulat ion was extreme ly e f f e c t i v e .

2 . 2  Tank Mass

Throughout the f i r s t  heating season , the s torage tank  volume

was maintained at  approximately 9464 l i t e r s  (2500 ga l lons)  of water.

This mass of water allowed the storage tank to store the solar energy

fo r  use overnig ht to satisfy the house heating load . As mentioned in

the f i r s t  i n t e r im  technical  report , this volume of water  was too large

fo r  t h i s  p a r t i c u l a r  appl ica t ion , being outs ide  of the usual range of

60 to 100 litera/sm (1.5 to 2.5 gal/sf) of collector area . This problem

was somewha t solved by decreasing the storage tank volume in July 1976.

In order to lower the water level in the storage tank , the heat

exchangers had to be lowered to the bottom of the tank. This was

done in order to allow the heat exchangers to be comp letely submersed

in the wa te r  when t h e  t ank  was filled to its final level.  The heat

exchangers were dropped to within 2.5cm (1”) of the bottom of the tank

and the wa te r  was r e f i l l e d  to a new level of 6814 liters (1800 gallons).

2— 14
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The immediate e f f e c t  of t h i s  change wa the fr -di cted faster

reac t ion  of the s torage tank to the hi gh t e m p er a t u r e  w a t e r  f rom the

collector loops. The tank t e m p e r a t u r e  now couj.l raise quickly to a

higher , more usable range. This in itself al~ o e d  more use of the

energy collected for house and domestic water icoting. When combined

with the control temperature changes discussed in the next section ,

this led to a tremendous increase in the overall solar contribution

to the house loads. A further reduction to 4921 liters (1300 gallons),

a rat io of 90.41 lite rs/sm (2 .26 gallons/sf). will he accomplisiied

when the foot valves are lowered in the storage tank to be level with

the top of the hea t exchangers.

Table 2—2 Illustrates the effects of the lowered tank volum€-

on the rise of the storage tank temperature (‘-T) . The dates chosen

were before atid after the volume chcn~ -~ . Les~ o n e-c  s- .i ~ required

to obtain the same temperature rises alter the volume r diiotian .

This was si g n i f i c a n t  in tha t  i t  took I t o  J5 0t l lo  t u e  ,i:-thi ~ ot

temperatures tha t existed by the comparable dcgL - Le d a - s (nfl) . Tb .

temperature rises were , therefore , the re-iii l t o f  l e s S  v i le r  mass

and not  less severe c o n d i t ion s .

Table 2—2

Effects of Tank Volume Redu ction

B e f o r e  A l t e r

Date .1’ Btu  C o i l .  DD Date . 1 B . u  C o l l .  fiD

29 -Jan 4 327 , 388 25 1 Oct  .. 225 , 592

11 Feb 7 417,069 28 16 Oct ‘~ 3Q2 , 7-~3 28

13 (~ ‘h 1 630,018 22 22 Oct 12 4U~~. 333 23

2— 15
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2.3 Operations

After the operation of the solar energy collection system

progressed for one year , the efficiency of the use of the collected

energy was no ted as being too low. The f irs t year ’s operation saw

the solar contribution to house heating demand to be 42% (see Section

6 for details). This level of performance had to be improved to

illustrate the effect of various parameters on overall system opera-

tion. As discussed in the previous section , the volume of wa ter in

the storage tank was decreased as a first step. The other areas

o f changes were the con trol tempera tures , the shutdowrl procedure

and the flow rate.

2.3.1 Control Temperatures

The cont rol tempera ture  originally used for the selec-

t i on  of the storage tank water for house heating was set at 40°C

(104°F). This definitely allowed hot air to be used in the solar

house through the existing ducting system . However , as prev iously

discussed , this also precluded use of the storage tank water until

that temperature was reached . Many days were spent at 39°C (103°F)

and no energy was supplied to the house for heating. The first

attempt at lowering this temperature occurred in December 1976 when

it was lowered to 34°C (94°F). The occupants were advised to be

conscious o’ any draf ts or discomfort. The use of the lower tank

temperature immediately allowed greater usage of solar energy and

improv ed coll ec t ion e f f i c i e n c y  of the panels by decr eas ing th e f l u id

temperature returning to them . Overall , dramatic changes occurred

2—16
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in the effici,~ncy of the solar system to supply energy to the house

(see Section 6).

Af ter the in it ial success of this change , a further reduction

of the tank control temperature followed . On 9 March 1977, the

temperature was set at 32°C (90°F) and on 5 April 1977 , it was

f u:ther lowered to 30°C (86°F). The ~se of this water reduced

the air temperature in the plenum to 27°C (80°F). These changes

were made without informing the occupants. The balance of the solar

house distribution system became a problem at this poin t due to the

sensor for thermostatic control being located in the living room.

The southwest bedroom began to be reported at 14°C (58°F) wh en the

rest of the house was at 18° to 19°C (65° to 67°F). On 18 March ,

0 0 .  . 0 0
the desired temperature was raised from 19 C (67 1-) to 20 C (68 F)

by the occupants. No discomfort was r- ported throughout this period

even though the occupants were advised of the changes at a later

date. The use of linear diffusers discussed in Section 2.4 may have

contributed to this situation .

In March the lowered tank contro l temperature and the reduced

volume bega n to allow storage overn ight. During April , this storage

began to increase- to over one day ’s cloudy period . These both directly

ill ustrate the !ncreased use of solar energY in the house b r  heatii-

and the continued ability of the storage tank to cover periods of no

solar energy collection.

2.3.2 Shutdown Procedure

During operations of the solar system in the months of

November and December 1976, the control of the shutdown at t i ~ end

2—17
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of the collectior, day began to show a lack of speed . The valve

opening sequence was to move in one step Lu half open and then use 95 -

small steps to full open if the solar energy was of a high enough -

intensity to raise the collector water temperature at least 6°C (10°F).

For shutdown , small steps were used all the way from full open to full -

closed (255 steps total). During periods of low insolation , and cold

temperatures , the shutdown a t one step per eight seconds was too slow .

Collector fluid would continue to flow through the panels for up to one

half hour after the beginning of the shutdown . The shutdown procedure

was changed to three steps at a time during closing and one step during

opening. This allowed quicker reaction by the variable valve to the -

closing commands but still would allow gradual opening during start -

up, or the passage of Individual clouds across the area. The situa-

tion of fluid flowing through the storage tank hea t exchangers and

taking energy out to the collectors was completely eliminated .

2.3.3 Flow Rate -

Perhaps one of the most significant changes made to the

system during this last year of operation was that of the flow rate.

The previous operation of the system called for 60.6 liters/mm (16

gpm) at full open. This flow rate into the parallel—series combina— -

t ion  of panel plumbing led to a ratio of 2.634 lpm/ sm (.065 gpm / s f )  -

in t he  th ree  co l lec tor  c lus te rs  and 1.975  lpm/sm ( . 0 4 9  g mp / s f )  in the  : -

four collector clusters. This flow rate was hi gher than the recom~

mended 0.81 lpm/sm (0.02 gpm/sf) for water systems . This high flow

rate also promoted the formation of air bubbles In the system by

slight cavitat ion at the centrifugal pump and ~1ie breaking up ci  t h e

2— 18 
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small bubbles near ~he valve. Once th~ a i r  formed , or leaked into

the system at night, the high flow rate forced it to the top of a

collector cluster , and the air blockage problem occurred . As will

be discussed in Section 5 on thermography and Section 4 on the multi—

p~ exer , the flow pattern at full open was not constant and equal

throughout the total system . The high level of fri.. ~ion th’~t resul ted

from this flow contributed to the unusual flow patterns. All these

indications led to the decision to slow the flow to half open as a

maximum.

The flow rate change was made through the microprocessor which

was prog rammea to no longer command 255 as full open , hut use 160.

This .~ommand corresponded to 30.3 1pm (8 gp’n) during the original

flow calibration at t’- -~ start of the project. The immediate effect

of this change was the doubling 01 the e-ip eratur c- r i s e  from the

collectors. When a typical day previously had a 6°~ J0°F) rise in

the temperature of water going to ti -ie arrays , th e  r i s e  now became

12°C (20°F). At times during the first month of t h i s  ulf flow

ope ra t i on  (A pr i l  1977) the temperature riac exceeded 12°C. This led

to an investigation of the actual flow rate in the present system by

using the ann ubars already ins talled and a d ia~ iirag;: , dynamic pressu re

meter. This investigation is shill .nhoing . with initial indication s

of less than 30.3 1pm being obtained at the ihO command .

Other effects of the flow rate change included the re~hi:~~ on o f

i ir blockage in the ground array. The ground array sl owed more

normal temperature distribution acro~~
, the c i-i- .t er s w i t h  no .i l’i -lrc flt

air blockage . More details on this are m c i - d o d  In the thermograph y
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section. The roof array still had the same indications of air block-

age , with the third cluster being extremely hot when compared to the

others. The half flow position of the valve caused a larger pressure

drop across the valve of up to 10,000 Pa (15 psi). And finally,

send ing the higher temperature water back to the collector decreased

the efficiercy of the collectors themselves . This sacrifice was

well worthwhile , as a higher temperature was obtained in the storage

tank and longer utilization was possible for house heating . Conse-

quently ,  the panel collector ’s e f f iciency was sacr if iced f or house

heating eff iciency, the main application of the solar energ~’ system.

2.4 Linear Diffusers

As the tank control temperature was lowered the comfort of the

occupants became a primary concern . The ai~ that was eventually to

blow on them was about 27°C (80°F). This air when circulated at

0.71 cms (1500 cfrn) would definitely feel cool when coming out of

a typical base housing floor grill. This problem was solved by

installing linear diffusers with a damper. The linear diffuser mixes

the air coming out of the duc t with the room air and diffuses the

stream so that it does not blow at high velocity for a grea t distance.

The dampers allow the sys tem as a who le to he balanced , w ith some

rooms rece ivi ng full air flow and others less. The reported comfort

of the occ upan ts w ith air as low as 27°C (80°F) be ing used for house

heating was evidence of the effectiveness of these linear diffusers.
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CHAPTER 3

ENERGY CONSERVATION TECHNI QUES

3.1 Introduction

The USAFA Solar Test House pro jec t  involved the adaptation of

sola r energy systems to a typ ical domestic dwelling . At first this

retrofit application did not concern the house itself with respect

to the energy consumption of this type quarters . However , during

the second summer of operation , the structure ’s h ea t load was

examined for possible retrofit improvements. These included

increasing the insulation in the wails , ceiling and floor; the

improvement of the insulation on the window panels; the use of

vestibules for the two doors; and the installation of triple glazing

on the windows .

3.2 Urea Foam and Ceiling Insulation

Urea foam was used as an insulation material in the walls.

This material was injected into the cavities that exist in standard

wood frame construction to increase the thermal resistance of the

ft 2 hr °F
walls. The high R val ue of ur~- a foam , which is 4.2—~~-———— per

inch , make this material very applicable to energy conservation. It

‘oes not settle when installed , it is not affected by moisture , and

its R value exceeds tha t of looser fill.

Table 3_ 1 shows the R values of the wall constructic -i before

and after use of urea foam. The resultant reduction of transmission

of heat through the walls due to Its use was antici pat ed at 47% or

3—1
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Table 3—1. Urea Foam Effects on R Value of Wall

R value from orig inal wall :

Surface 0.68
1/2” gyp board 0.45
1 1/2” insulation 5.00
2” air space 0.95
3/8” plywood 0.47
Waterproof paper 0.06
3/16” T.H.B. 0.45
Surface 0.17

8.23 (U = 0 .122)

R value with addition of urea foam :

2” air space - —0.95
2” urea foam +8.40

15 .84 (U = 0.064)

1.45 M.J/hr (1378 Btu/hr). The actual effect of this modification ,

together with all the others to be covered in this section are

listed in Append ix A.

The installation of the urea foam was accomplished very easily.

The c o n t r a c t o r  d r i l l ed  holes into the exterior of the wooden walls

of the house and inserted the foam with water under pressure. The

brick veneer walls were filled from above the walls by gaining access

through the roof truss. Again , water was used to inject the foam.

The entire op eration was qua 1it~ chec ’- ’d by ihermographic studies

and only one srnill area under a window i~ad to be redone due to poor

f ill. The plugs that h ad been drilled out were replaced , sanded

and repainted .

The urea foam did not have any noticeable effect on the wal l

i n t e g r i t y  or ~.im n t aft er installation . There were no noticeable

_ _ _ _ _  
- - - - -  -~~~~~~~~~~~~ -~~~~~~~~~- ~~~~~~ -~~~~~~~ 5- 



-~~~~~~~ — -~~~~~ - _ _ _ _ _ _ _ _ _

spats of peel ing or buckl ing either on t~o- e~.:t~~rior or interior

surfaces. Original concern as to the effect of the great amount

of water necessary for insertion and its action on the wall material

appeared to be unfounded .

Urea foam was considered for use in the roof structure as

well. However , the high cost of the foam and its weigh t whe n used

horizontally led to the selection of loose fill for this area . Loose

f i l l  was blowp into the roof j o i s t s  to a dep th  of 15.24 cm (6 ”) w i t h

a U value of 0.29 and with anticipated savings of 3.0 MJ/hr (2840

Btu/hr). The total cost of the insertion of the urea foam and the

adding of loose, fill to the roof was $1125.00.

3. 3 Other Insulat ion Chan&es

The first thermography studies performed on t h e- USAFA housing

showed tha t the two moveahie panels under scmo of the windows were

e x t r e m e ly  i n e l li c i e n t  a t  slowing losses. These panels consisted of

one shee L of 0 .635 cm (1 /4” )  pl ywood w i t h  a r e s u l t i n g  U v a l u e  of

0.86. These panels were replaced on all houses on base with ‘nodular

sa’~ 
1wich anels made of one sheet of 0.953 cm (3/8 ’ ) styrene placed

between two 0.635 cm (1/4”) plywood panels. This construction lowered

the- V value to 0.30. This modification would result in an energy

sa~’ing of 2.0 MI/hr (1935 Btu/hr). The most neglected area for

i n su l a t i on  in t y p i c a l  domest ic  dwel l ings  is usually the floor. The

crawl space beneath the houses at the LJSAFA was not in su la ted when

orig inally constructed . To cut down on t he  e n e r gy  lo sse s  t h r o u g h

t h e  f l o o r s  a l l  the houses were retrofitted with 7.62 cm (3 ”) of

3—3 
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f iberg lass hatts between the floor joists. These batts with an R

value of 11 decreased the U value of the floor from 0.310 to 0.0704.

This reduction in U value would be applied throughout the structure

in the rooms over the crawl space resulting in a new beat loss of

1.4 MJ/hr (1284 Btu/hr) through the 44.6 sin (480 sf) of floors.

3.4 Overall Reduction of Heat Load

The overall reduction of heat load in the house due to the

use of the urea foam , roof insula tion , crawl space insula tion and

sandwich panels is calculated in Appendix A. The new calculated

heat load was 38.4 MJ/hr (36,378 Btu/hr), a reduction of 28%. The

actual heat load reduction in the structure is discussed in the

yearly data analysis (Section 6.3) and was approximately 27% in

March 1977. -

3.5 Vestibules

Vestibules are air lock—type strictures that can be built

around a door to decrease the air flow through it during use. These

small chambers allow entrance to the structure while not allowing

direct exposure of the inside to the outside ambient air. The use

of vestihules was considered on the Solar Test House to decrease

the air infiltration load . This was especially important considering

the many tours and visitors that frequent the structure. Two vesti—

b’iles (Fig . 3—1 ) were built over the doors. The vestibule door was

desi gned to swing out so that it was very difficult to have both it

and the main house door open simultaneously . This construction was

acc omplished during March 1977 and its exact effect has yet to he

3—4
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d e t e r m i n e d . The use of the  eastern v e s t i b u l e  as a greenhouse  has

been C o n s i  (b red h\ ’ the occupants .

3.(- Tr ip le Gl azing Windows

The f inal energy conservation technique considered was that of

triple glazing the windows. The windows presently installed consist

of one pane of glass and a storm window . This system is typical for

the Colorado area. However , the infiltration of cold air through

these windows’ is noticeable during high wind conditions . The inter—

ior surface of the windows was also known to have ice form on i t

during very cold weather . To slow down the infiltration of cold

air , and to better insulate the house , tr iple glazing will be

employed .

The method of apply ing the third glass layer will be that of

an interior storm window. This window will fit into the existing

frame and be ightly fitted with a rubber gasket. This construction

will greatl y slow any air infiltrating around the glass. In using

these windows on the southern two bedroom windows , another  energy

g a i n i ng technique will be activated . Due to the “greenhouse effect ”

and t he b e t t e r tnsulating value of triple glazing, a heat gain will

he r e a l i z e d  f rom the  solar rays s t r i k i n g  those windows d u r i n g  the

winter days. Thus , the passive aspects of solar energy can he

L 

ot  ilized i dee r o i -e t h e  h e a t load during the days when that l oad

tel ,ls to be a :ii i~~ ijuhint . These windows  ~‘i l l  he i n s t a l le d  d u r i n g  t h e

~hlmrne r of i077 and t o - - - t fect observed L h e r e f t t - r .

3—6

~

---- - - -- --~~~~ - - ~~~~-~~~~~ -5-~~~~~~~ - - - -  
5 - 5 -

~~~~~~~~~~~~~~~~~~
--



— ‘ “ ‘  -~~~~~~ •-.—.—- —--———-- —--- —--~~-—— - - ~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~ 

.- fl .. . — — —

CHAPTER 4

INSTRUMENTATION AND CONTROL SYSTEM

4.1 Background Information

Th e design , installation and debugging of the instrumentation

and con t ro l  system for the USAF Academy Solar Test House is described

in the first interim technical report. This section of the report

will describe
’ 
the changes to this system. A block diagram of the

instrumentation as of the publishing of this report appears in Fig.

4—1 -

As with any continuing research project , problem -~reas arise

and unforeseen changes occur during the course of the work. Three

major additions were made to the instrumentation and control system

since the writing of the last report: (1) Burroughs 6700 compute r

convcrsion , (2) m6teorological monitoring equipment , and (3) ground

array multiplexer.

4.2 Burrot~g~s 6700 Computer Convers ion

As reported in the first report , data was gathered and punched

on a p;lper tape at the solar house for later analysis on a Xerox

Si gma—V computer in the electrical engineering lab i t  t he  USAF

Ac~ Jemv . In the fall of 1976, this computor was declared surplus

and subsequently removed. Since this was the only sou rce of a h igh

speed paper tape reader and the only other computer available for

data ana1ysi~ wa s the Burro ughs 6700 computer , an entirel y new scheme

was conceived and developed for data storage and analysis.

4—1 
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Fi gure  4 — 1 .  I n s t r u m e n t a t i o n  and Control System
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The first task associated with this conversion was to design

and build the temporary data storage system at the Solar Test House

which would be compatible with entering data to the Burroughs 6700

comp~.ter located approximately 2.5 miles from the solar test site.

The system chosen replaced the punched paper tape with an

audio cassette recorder whereby the data was stored using a frequency

shift keying (FSK) scheme. This data is transferred to tape once an

hour until full , approximately tnree days, them transmitted through

a modem via cor’.mercial telephone lines to the Burroughs 6700 computer

- -ihere it is temporarily stored in disk memory. The block diagram

for this system showing the data flow appears in Fig. 4—2. Fig. 4—3

is a circuit diagram of the interface circuitry between the cassette

recorder and the ]Intellec/8 microprocessor at the Solar Test House.

Since the two computers have to talk on a real time basis and main-

tain control of the house simultaneously, a major revision to the

contro l  program was r equ i red . Fig.  4—4 shows a flow chart of this

program change . Since there are at least 37.500 bytes of data on a

three—da y cassette , a minimum transmission time of 21 minutes is

required at 300 bits/sec . As shown in the flow chart , the program

maintains control of all house functions while conversing with

the B6700 computer.

In addition to changes at the Solar Test House , the analysis

programs were completely rewritten for use on the Burroughs system.

Th is set of programs and their interrelationships are shown In Fig.

4-5. Since these are special purpose programs , written specifically

for the Burroughs 6700 system , a listing is not provided in this

4—3
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Figure 4-2. B6700 Data Recording System
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Figure 4—4 . B6700/lntellec S Data Transfer Program
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report. The equations and analysis algor ithms used previously and

repor ted  in the f i r s t  interim technical report remain unchanged .

4.3 Meteorological Monitoring Equipmen t

The weather instrumentation described in the first interim

technical report proved unsatisfactory due to interface problems

with the microprocessor at the Solar Test House. Consequently, a

completely new set of instrumentation was procured and installed .

In addition to the wind direction and velocity, dew point and

temperature sensors of the previous system , a barometer was also

obtained. This set of instrumentation is manufactured by the

~‘1eather—Measure Corporation and is directly compatible with tha

0—b y DC analog input required of the microprocessor system . Figures

4—6 and 4—7 show this instrumentation installed .

4.4 G~~ un~ Array Multiplexer

Thr€. temperature sensors were originally installed on the

ground a r r a y ,  two on array sur faces  and one on a g lass  outer-panel

surface. To obtain a correla t ion between the  a r ray  surface tempera-

ture and the thermography photos , twelve more sensors were installed

(Fig. 4—8) and interfaced to the microprocessor by a signal multi—

plexer. The circuitry for this multi pl exer is the same as tha t used

in the Control House as described in the first interim technical

report. A program was written for the microprocessor to sense the

fourteen temperature sensors and give a printout of their values on

command . Fig. 4—9 shows the multip lexer circuitry installed in the

&round array.
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Figure 4—7. Temperature and Relative Humidity Sensor
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CHAPTER 5

THERNOGRAPHY STUDIES

5.1 Introduction 
-

The flow pat terns  throughout  the solar ar r ays  hav e always been

of great  in teres t  to the research team. The equalization of flow

through the various combinations of panels in clusters of threes

and fours would allow the determination of the marg inal e f f e c ts of

the last panel of each group. Originally, sensors were no t ins talled

on all of the panels to allow measurements of the temperatures , and

only the &ddition of sensors and the multiplexer on the ground array

finally allowed this measurement to be made. However , the use of a

hew technique for qualitative determination of flow distribution

from temperature distribution was considered through thermography .

This section covers a general description of thermographic charac-

teristics and the results obtained through correlation with the

ground a r r a.’ multiplexcJ sensor readings.

5.2 Description

Thermography is a heat de tec t ing  technique which  measures

infrared radiation across the surface of a material. The temperature

distribution is shown on a cathode—ray tube and then photographed

to produce thermographs . The system works due to the electromagnetic

radiation which all materials emit as a function of their temperature.

The range of t h i s  r ad ia t ion  as de t ec t ed  by the  t h e r m o g r ap h i c  e q u i p —

ment is 2.0 to ,.6 m i c r o n s .

~~~~~ - -~~~~~~~~~~~~~~
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Several problem areas must be carefully considered when using

thermography . Wind can a f f e c t  the  read ings  ahown on the  the rmo graphs ,

thus a maximum wind veloci ty  of 6 .7  nips (l~ mph) is reconunended .

Glass reflects radiation as well as emits it. If glare freii the

glass is present , inaccurate read ings of radiation can be obtained.

The glass surface of the collector was not the surface of intere-~t

but the absorber surface below was. Caution had t -  he used to r e a l i ze

tha t the readings were from the glass itself . a~ d may not exactly

indicate the temperature below . Since qualitati ’-e analysis was the

aim of these studies , this discrepancy was L .fkeu into account.

Fin a l l y ,  since the radiation was from the g las s, rorrei~~tion

was necessary to interpret accurately tht~ thermograph readings. The

multiplexer on the ground array permitted t his correlation by trans—

mitting to the microprocessor the temperature readings on all 14

panels when each thermograph was taken.

The thermographs are shown in Figure .s 5—la t 5—lf. The inter-

pretation of these pictures is relative in nature. The number at

the top designates the maximum range of the t emperature scale at

the left of each picture. For example . 50 represen ts 50°C (90°F)

and shows that the range of 0.0 to 1.0 represents a relative differ-

ence in temperature of that amount. This allows comparison of the

temperature differences of various points on the thermograph. If

any temperature is known on one of the surfaces , then the others

can be calcula ted from it. The pictures can he taken in color

or black and white. The colored ones . Fj~~. 5—i. show more clearly

5—3
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the var ious areas of changing temperature and proved very valuable

in c o r r e l a t i n g  the  thermographs to the actual measured temperatures -

5 . 3  Results of Studies

The ground a r ray  was studied f i r s t  to determine if the qual i—

tativ-e correlation of thermographs to sensors could be made (Fig.

5 — 2 ) .  Fi g. 5—la shows one of the f i r s t  p ictures taken and Table 5—1

the mul t ip lexed  temperature readings which were simultaneously taken .

These two , when combined together , revealed some startling data.

Table 5.-b

Temperatures of Ground Array (°F)

Paael Posi tion
1 2 3 4 5 6 7 8 9 10 11 12 13 14

136 136 142 149 158 165 180 255 255 255 255 139 139 138

Sensor Reading

I n i t i a l l y ,  there appeared to be a large air blockage in c lus te r  three ,

the second group of four panels in series. This air blockage had

stopped the flow of fluid through the entire cluster and allowed the

temperature to rise well above the neighboring panels. The therino—

graph indicated a temperature difference of at least 50°C (90°F) and the

sensor readings indicated a difference of at least 75°F. The reading

of 255°F was the h ighes t  the microprocessor could indicate. The

correlation o f the thermograph and the sensors , therefore , was

limited to qualitative in tha t a picture showing hotter panels

actually does reflect tha t condition on the surfaces.

The second indication noted from the data and pictures was the

apparent reversed flow in the last cluster. The temperature readings

_ _ _  
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showed no r i s e  in temperature left to ri ght as would be expected with

the  f low f r o m  t h e  supp l y l ine  to the ict urn. The thermograph also

showed r e l a t i v e l y  l i t t l e  t e m p e r a t u r e  r i se  in t h i s  las t  g r o u p .  I t

seem ed that the blocked third cluster was iorc ing a hi gh flow of

f l u i d  i n t o  the f o u r t h  cluster A l s o , t h e  d i s H t a r g e  f r o m  t h e

seco nd c l u s t e r  s-as 1055 ib l y  bein g f o r ed up t i c  r e t u r n  l i ne  to

the f o u r t h  c l u s t e r , b a c k w a r d s  t h r o - i g l i  t h i s  c l u s t e r  a t  h i g h ve l o c i ty

and t h e n  hack  down the  s u p p l y  l i i i , - . T h i s  p a t t e r n  woul d ex~~1a i n  the

lack of h i gh temperature and t h e  absence of a t e m p e r a t u r e  r i s e  in

the fourth - 1 i s t e r  Th i s  set of c i r c i im s t a o c e s  led d i r e c t ly  to the

dec is ion to u t  t h e  f low in li - i l l  to t h e  c o l lec t o r  a r r a y s .  Subsequen t

t l t e rm o gr a  ph v  - - t ud ies and tempera  t l i re  r e a d i n g s  showed thu t a normal

I low p a t t e r n  and tI-r1pI - r ~1 tu re  d i s t r i b u t i o n  r e s u l t e d  f r o m  t h i s  change ,

e s p e c i a l l y  on t h e  ground a r ray .  Thus , t he s t u d i e s  a l l o w e d  the  e f f e c t s

01  t los- r a t e  h r o u g h o u t  a c l u s t e r  of pane l s  and the  wh i l e  a r r ay  to be

( 1h51 -rv ed . T h i s  1 - v e l it u a l ly  could  lead to a b a l a n c i n g  t e c h n i q u e  to

rI-li -h  h i g her  et  f ic ienc ies .

F i g u r e s  5 — l c & d  i l l ust r a t e  the c lose—up view of the  clogged

panels - Using a smaller temperature range for t h e  s ca l i ng  f a c t o r ,

it was possible to observe the apparent temperature distribution

a c r o s s  t h e  i n d i v i d ua l  pane ls .  The f i r s t  p anel  seemed to have some

Cot)] I r  f l u i d  be ing  I i r o e d  in t o  i t  f r o m  the  supp l y  l i n e  i n l e t  a t  t he

l o w t - i  l e f t  - rne r The a i r  b l o c k a g e  wa s  s i f f i c i e n t  l v  g r e a t  to s top

t hi i s  f l o w  f rom p r o g r e s s i n g  to the top  of the panel  - The second and

third pane l  a a r e  c i m p l e t  c l v  b l o c k e d .  The f o u r t h  one sis sor e low

--5 - -- --
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entering from the return line at the upper right—hand corner making it

the coolest panel.. This flow results from the high pressure existing

in the fourth cluster forcing fluid into the panel . Clearly , a

picture such as this would indicate to a viewer that St mething was

wrong w i t h  the c luster  and remedial ac t ion  should  be t a k e n .

Figures 5—l e&f show the thermograph taken of the  roof a r r a y .

This a r r ay  did n t  have sensors installed on all panel s, only the

second and thirteenth. The picture showed a sbghtly d ifferent

pattern within the third cluster but basically the same problem .

An apparent air blockage had stopped flow in this cluster. Quali-

tative corielation was only possible by the investigators climbing

the roo f and touching the glass surfaces . The ones indicating hot

were considerably hotter than the ones indicating norma l patterns .

It was concluded that the air blockage problem was also present in

the  roof  a r r a y .  This problem did not decrease w i t h  the  change  of

f l o w  r a t e  as did some of the problems in the  ground array. The roof

a r r a y  has t h e  added problem of being the  h i g h e s t  po in t  ~n i t s  f l o w

system while he air vent valve was located 5.5m (18 ft) below in

the basement. Air naturally would be fo rced  to the  h i g h e s t  po in t ,

and seemed to gather in tha t cluster.

f inal results of this study are the following . A thermo—

graph can be used to spot problems in arrays and flow patterns if

care is taken for wind velocity and ret lected glare. The thermographs

qualitativel y indicate accurately the temperature distribution across

t h e  panels. Adjustments could be made while visually witching the

1- f f e c t s  of the balancing attempts. The effec t of v i r i o u s  f low r at e s

- - -5
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on even f low d i s t r i bu t i on  could be determined by observing thermo—

graph ic results rather than installing num-~rous sensors and multi—

plexers  to gather the data. Maintenance could be performed by

responding to certain sets of ther inographic  da ta  bo th  for  prevention

of problems and increased efficiency of operation.

The first thermographs also showed that the plumbing raceways

were very large sources of energy losses . The lack of insula tion in

these areas caused much heat to be given off through tae steel flash-

ing located above the plumbing lines. The subsequen t  i n sul a t i on  of the

raceways led to decreased temperatures indicated on Lhe next series

of thermographs and a cutting of the edge heat losses from the col—

lector arrays. The same indications also led to ~he f l ex ib le  tubing

into and out of the ground array being covered with Armaflex to

better insulate those areas. Subsequent thermographs also showed

that the reduced flow rate did solve the air blockage Problem on

the  ground a r r a y  by appa ren t l y  a l l o w i n g  t i e  a i r  to f low out of the

system through the bleed air line. Th e t h e r m o g r a p h  s t i l l  showed

t h e  roof a r r ay  t h i r d  c lust ei  as b locked  even w i t h  on e — h a l f  f low .
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CHAPTER 6

DATA ANALYS t S

6.1 Introduction

This section of the report covers thr analysis of speci ti--

da t a  ga the red  d u r i n g  the  repor t ing  per icd .  The da i ly  analys is

section addresses actual performance o 19 March 1977. Th e r o i i t h

used in the monthly analysis section is February 1977. Yearly

per formance  d iscusses  all the  data to da t e  w i t h  emp l i s L s  cii  im prove-

ments as the project progressed . Other ar eas o f i n t e re st Ir e  also

covered to include the performance of t h e  a r r e s and t i n -  c on s u m pt i o n

of natural gas and electricity.

6.2 D il~~ Perfotmance

The f i r s t  in te r im t echn ica l  r e po r t  covered  ex t ~~i i s iv e lv  th~

programmed con t ro l  of the  solar 1- n e r g y  s~ .~~c - rs . T h e  ac t io n s  c i  the

mic rop roces so r  were discussed and the various control p--’ ints and

t e m p e r a t u r e s  ii s ted . This sect ion wil l  a n a l y ze  in d e t a i l  one day ’ s

operation of the solar energy systems in the house to sh ow ac tua l

p e r f o r m a n c e  and the effects of the various parameters.

‘ i~~ d a t a  a n a l y s i s  fo r  19 Ma rch 1977 is shovm in F ig .  6— 1 for

English units and Fig. 6—2 fo r  SI u n i t s .  These f ig u r e s  are the

results of the computer program that takes the hard data from the

microprocessor  c o l l e c t i o n  sys tem and a n a l y z es  i t  using the common

r e l a t i o n s h i p s  l i s t ed  in the  f i r s t  Interim techn ical report. The

da t a  a n a l y s i s  is t h e n  1 is ted in t he  fo r m a t shown f o r  t h e  r e s e ar c h e r s

6—1
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SOLAR TEST HOUSE
DATA ANALYSIS PRO GRAM

HC BTU = 116715. (375—615)
Gas BTU 14804 . (9 at 635)
Gas BTU 29607.  (9 at 710)
Gas BTU 44411. (9 at 750)
Tank Water  Temp a t  Beg in of RA Opera t ion  = 87 at 839
Tank Water  Temp at Beg in of GA Operation = 87 at 841
Gas BTU = 59215. (9 at 842)
Tank Water Temp at End of RA Operat ion = 87 at  845
RA BTU = 235. (6 at 845)
Tank W a t - - Temp at End of CA Opera t ion = 87 at 847
GA BTU = —613. (6 a t  847)
Tank Wate r  Temp at Beg in of RA Opera t ion  = 87 at 852
Tank Water  Temp at Beg in of GA Operat ion = 87 a t  855
Tank W a t e r  Temp at End of RA Operat ion = 87 a t  857
RA BTU 653. (5 at 857)
Tank Water  Temp at Begin of RA Operation = 87 at 858
Tank Wate r  Temp a t  End of GA Ope ra t i on  = 87 at 903
GA BTU = 1709. (8 at 903)
Tank Water  Temp a t  Begin of GA Ope ra t i on  = 87 at 907
Gas BTU = 74018. (9 at 958)
HC BTU 133757.  (43—1300)
HG BTU = 148619. (30—1542)
Tank Water  Temp a t  End of GA Opera t ion  = 106 at  1603
GA BTU 282902.  (416 a t  1603)
Tank Water  Temp a t  End of RA Ope ra t i on  = 106 at 1616
RA BTU = 300102. (438 at 1616)
Sun BTU/SF Horiz  1714 . (705—1800)
Sun BTU /S F GA = 2136.
Sun BTU/SF RA = 22 19.
HG BTU = 163877. (33—18 14)
HG BTI] = 181216. (35—2 040)
HG BTU = 230260. ( 111— 2345)

Summary of Day 78
(0 to 2345)

House BrU ’s: Gas + Solar = 304279. Solar  = 230260 %Solar 7 5 . 7
Ground  B’fhi ’s: Available = 473203.  C o l l e c t e d  = 2S2902. % Eff = 59.8
Roof BTU ’ s: Ava i lab le  = 491593. Col lec ted  = 300102. % E f f  = 61.0

Fi gure 6 — 1 .  Da ta Analysis  (Eng lish U n i t s )

6—2
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SOLAR TEST HOUSE
DATA ANALYSIS PROGRAM

HC NJ = 123.14 (375—615)
Gas MJ = 15.62 (9 at 635)
Gas NJ = 31.24 (9 at 710)
Gas NJ 46 .86  (9 a t  750)
Tank Water  Temp at Beg in of RA Operation = 31 at 839
Tank Water Temp at Beg in of GA Opera tion = 31 at 841
Gas NJ = 62.4 1’ (9 at 842)
Tank Water  Temp at End of RA Operat ion = 31 at 845

RA MJ = 0. (6 at 845)
Tank Water Temp at End of GA Operat ion 31 at 847
GA NJ = — 0 . 6 5  (6 a t  847)
Tank Water  Temp at Beg in of RA Opera t ion  = 31 at 852
Tank Water  Temp at Beg in of GA Operat ion = 31 at 855
Tank Water  Temp at End of RA Operat ion 31 at  857
RA NJ = 1. (5 at 857)
Tank Water  Temp at Beg in of RA Operation = 31 at 858
Tank W a t e r  Temp a t  End of GA Opera t ion  = 31 at  903
GA NJ = 1.80 (8 at 903)
Tank Water  Temp at Beg in of GA Opera t ion  31 at ~O7
Gas Mi = 78.09 (9 at 953)
HG ti = 141.12 (43— 1300)

NJ = 156.80 (30—1 542)
Tank Water  Temp a t  End of GA Opera t ion  41 at  1603
GA NJ = 298.48 (416 at 1603)
Tank Wate r  Temp at End of RA Opera tion  = 41 at  i6 16
RA Mi = 317. (438 at 1616)
Sun N J/SM Hor iz  19.47 (705—1800 )
Sun N J/SM GA 2 4 . 2 6
Sun NJ/SM RA = 2 5 . 2 0
FIG NJ = 172.90 (33— 1814)
FIG NJ = 191.19 (35—2040)
FIG NJ = 2 4 2 . 9 4  ( 111—2345)

Summary of Day 7S
(0 to 2345)

House NJ ’s: Gas + Solar = 321.03 Solar 2 4 2 . 9 4  ZSolar  = 7 5 . 7
Ground M l ’ s: Ava i l ab l e  = 4 9 9 . 2 6  ol l e c t e d  2 9 8 . 4 8  1 f f  = 5~~.S ~~ -

Roof Mi’s: Ava i lable = 518.66 Col lected 31(~.h 3  ~E f f  = 61.0

Figure 6—2. data Analysis (SI Units)

6—3 
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to further utilize for modifications of the opera t ions  or f u r t h e r

analy sis of specific moments during the day . If the data a n a l y s i s

appeared very interesting or unusual , a plott ing procedure could be

used on the computer to produce plots such as Figures 6—3 , 6—4 and

6—5. For this discussion , both the listed results and the plots are

ref erenced .

The early morning hours of this day were characterized by a

need for heat in the house. With the storage tank at 34°C (94°F ) ,

the  microprocessor  selected solar energy as the source of the house

hea t ing  energy . This would have cont inued f o r  as long as the  storage

tank remained above 32 °C (90°F ) .  However , the control algorithm for

selection of the source of house hea t i ng  energy a l l o w e d  the s torage

t a n k  to drop  to 31°c (87 °F) b e f o r e  s w i t c h i rt g  to the  n a t u r a l  gas

f u r n a c e .  This  was due to the  a i r  be ing  heated by the s to rage  t ank

w a t e r to a h i gh enough t e mp e r a t u r e  to m a i n t a i n  t a c  house  a t  18.8 °c

(66 °F ) ,  one degree Fahrenheit below the s e t t i n g  of 19 . 4 °C (67°F) .

A t  0551 , t h e  house t e m p e r a t u r e  finally reached 18.3°C (65°F) , and the

m i c r o p r o c e s s o r  t u r n e d  on the n a t u r a l  gas f u r n a c e .

As shown in F ig .  6—3 , the actual temperature in the house was

very constant during the time that solar energy was used to supply

the heat. When the natural gas fu rna ce wa s used , the temperature

became erratically controlled . The furnace overshot the desired

temperat ure by as much as 1.1°C (2°F) whenever it was used. This

quick response to a level higher than the desired temperat ure was

due to t h e  ove r—des ign  b u i l t  in to  t hte - furnace when ori ginally

i n s t a l l e d . The l a rge r  than  n e c e s s a r y  c a p a ci t y  of t he  f u r n a c e  and

6—4
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Figure 6—3

House Heating Demand Plot
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Roof Array Plot
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Ground Array Plot
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the long lead t ime to s t a r t  and s top it r e su l t s  in e r r a t i c  tempera-

t u r e  control .  When solar energy wa s used , the temperature control

was such that  the  desired temperature  s e t t i n g  was met very  evenly .

This resul ted  in the fan blowing solar heated air  fo r  375 minu tes

and supplying 123.14 Mi (116,717 Btu) of energy while the furnace

ran a to ta l  of 45 minu tes  and supplied 78.09 Mi (74 , 018 Btu) during

the morning .

Dur ing  the a f te rnoon  and n igh t , the  microprocessor  commanded

the use of the  s torage tank again . Due to t h e  c o l le c t i o n  of solar

energy un t i l  1215 the tank was hot enough , 37°C (98°F) to supply the

necessary hea t ing .  The s torage tank remained at a h ign enough

temperature the rest of the day to finally supply a total of 242.94 Mi

(230 , 260 Btu)  to the house for heating (75.7% of required load).

The roof and ground arrays were both idle until about 0830.

Pr ior  to th i s  the roof a r ray  did show a AT across  the  i n l e t  and

o u t l e t  pipes  (Fig.  6—4) . This was due to  t h e r r n o — s i p i i o n  t o g  of  t h e

heat in the s torage  tank th rough  the  roof a r r a y  hea t  exchange r s  up

to the  h i g h e s t  p o i n t  in the sys tem.  The p a t h  f r o m  the  h e a t  exchangers

in the  t ank  to the o u t l e t  side of the  roof a r r a \  was d i r e c t , w i t h

the valve In that system being on the in le t  s i d e .  Coii ~ eq u en t l v ,

the  hot  w a t e r  r ises to t h e  roof a r r ay .  IIo ~~e- v ~-r , w i t h  no p u m p i n g

be ing  done , the  loss was kept  to a m i n i m u m .  A - I i e ~~k v a l v e  in t h i s

loop would stop this small flow.

At 0839 the  roo f a r r ay  ( R1\ ) f i r s t  a t t e m p t e d  t o  collec t s o l i r

energy . At this time , the surface tempera tur l an the root was - 4 2
k C

(108°F) and the storage tank was 31°C (87°F). The m i - r o p r o ~

. - -
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di rec ted  the  RA valve to half open and tu rned  on ti~ pump . For - i >:

minutes the pump ran , and finally stopped at 0845. The r e s u l t s- we r e

a small gain of energy of less than one NJ (.~35 Btu). The energy

col lec ted  was at such a low tempera ture , w i t h  an o u t l e t  te -~p e r i t u re

of 24 °C (75 °F) t h a t  the  r esu l t s  would have been an e v e n t u a l  1-. ring

of the  s torage tank  t empera tu re  if the system had con t i nued  to oper ~1 te .

The t empera tu re  d i f f e r e n c e  was onl y six degrees Fahrenheit between

inlet and outlet to the RA .

The g round  a r ray  (GA) also a t t e m p t e d  to f u n c t i o n  dur ing  th is

t ime , s t a r t i n g  to pump f l u i d  t h r o u g h  the  c o l l e c t o r s  a t  0841. The

s l i g h t  d i f f e r e n c e  between the two starting timc-c was due to the

t e m p e r a t u re  of the GA r each ing 42°C (1i ~°1) a few moments  l a t e r .

During this time f the  year 52 0 was a b e t t e r  c oi l e ct or  ang le than

60° and t h i s  s l i g h t  d i f f e r e n c e  had an e f f e c t  in t h e  in — u p

procedure.

Two more s im i l a r  a t t e m p t s  to start the ’ u r r a - s  o c cu r r e d  s h o r t l y

a f t e r  t he  f i r s t .  The s u r f a c e  of t h e  pane ls  rI-m ,1 inc-c l hlgliei t h a n

11°C (20 °F) .ahove the  s torage tank , and the  m i c r o p r o c e s s o r  c o n t i n u e d

to a t t e m p t  to  ga the r  the  solar energy .  However , n ot  u n t i l  0858 f o r

the  RA and (1q07 fo r  the  CA did the  systems f i n a l l y  come on to s t ay .

\t that p o i n t , the  roo f s u r f a c e  t e m p e r at u r e  was !~~f -
1 i .  (115°F) and t h e

g round  was 42°c (108°F). Both arrays then st-irted to functi on at

f u l l  f l o w , :i~~p r o x i m a t e ly  60.6 1pm (16 g p m ) .

The RA temperature difference between m i t t  and o u t l e t  con—

t inned to incr eas e to a maximum of 4 . 4°C (8°F) by l ! -~~ . D u r i n g  most

o f  th ~ -p~-rating period , the temperature di fference was 3.9°C (7°F).

6—9 
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A f t e r  1445 , the difference slowly decreased to eventuall y reach zero.

The GA t e m p e r a t u r e  d i f f e r e n c e  increased to 4.4°C by 12G0 , b u t  f e l l

quickl y back down t o 3.9°C or less during most of the collecting

per iod .  The maximum tempera ture  in the RA co l l ec t i on  ioop d u r i n g

the day was 49 °c (121°F) reached at 1340 , and the GA maximum was

47°C (117 °F) also at that time.

As both arrays continued to function at full flow and with

decreasing t e m p e rat u r e  r ises , the s torage  tank  t e m p e r a t u r e  was

r i s i n g  to a maximu I of 41°C (106°F) by 1500. By t h i s  t i m e , t h e  a r r ays

had begun to cool down , and the solar energy co l l ec t ie a  r i t e  dropped .

The two loops ’ outlet temperatures began to more clos~ lv ma t ch t hat

of the storage tank. By 1600, the GA outlet temperature ii decreased

t o 41
C C ( 106°F) and shutdown began. By 1603 , the  s h u t d o w n procedure

was complete , resulting in 2t’8.48 N.J (282,902 Btu) collected over a

416 minut e period . The RA also shutdown shortly thereafter , stopping

flow at 1616 with a total collection of 317 NJ (300 ,102 Btu) for

438 m i n u t e s .

The RA had run  longer than  the  GA , and a t  a h i g h e r  t e m p e r a t u r e .

T h e  a m o u n t  of e n e r g y  ava i lab le  to each was c a l c u l a ted  us ing  the

insolation available from the Epp ley pyrancmeter on a h o r i z on t a l

surface (Fi g. 6-6), 19.47 Mi/rn
2 

(1741 Btu /ft
2) for 705 minutes .

When converted to t h e  slopes of the arrays , and d iv ided  in to  the

a m o u n t  ot  collected energy, til e resulting e fficienc ies were 59.8%

for th e GA and 61.0% for the RA. App arently the RA , with its less

st e e p ang le , was more  e f f i c i e n t  d u r i n g  t h i s  d i v  in March.

6—1 (1
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Both arrays stopped collection at hi gher temperatures than

t i n - v  began the day. The energy store.] in t h e  mass of thi e arrays was

not  co l l ec ted . This energy was lost due to ti le s t o rage  t ank  r i s ing

in temperature throughout the day and finally surpassing the maximum

temperature of the  ou t l e t s  of the co l l ec to r s .  Also , as the day

progressed , and the arrays became hotter , the collection efficiency

also dropped, resulting in some energy not being recovered from the

mass of the  co l l ec to r s .  I t  w o u l d  seem that this energy could have

been recovered as the insolation level decreased , but the hi gher

f l u i d  t e m p e r a t u r e  in the  a f t e r n o o n  resu l ted  in a l a rge r  t e m p e r a t u r e

d i f f e r e n c e  across the  co l l ec to r  glass to the  ambient  t e m p e r a t u r e , and

t h u s  a lower overa l l  co l l ec t ion  e f f i c i e n c y . Throughou t  the ea r ly

evening ,  the  co l l ec to r s  cooled s l o w l y ,  being poor r a d i a t o r s , and

finall y the thermo—siphoning began again on the RI’ about 1900. The

storage tank temperature slowly decreased due to th e water being used

to s u p p l y  t he  house  w i t h  heat , and tile f i n a l  t e m p e r a t u r e  was 36 °C

(97 °F ) .  T h i s  r e - f l e e - t e d  a gain of e n e rgy  ov er  t i le  dan of 66.00  Mi

(6 2 , 550 B t u )  in t h e  s to rage  tank  w a t e r .  The f i n a l  b a lan c e  of e n e r g y

i s  shown in ra h ie - 6 — I .  The lost  energy  would  have to be ad~~i i s t e d  fo r

any used f o r  donie~ t i c  hot w a t e r .  The overa l l  e ’f f i c  iency of use of

c o l l e c t e d  c -ni -r n was 39. 5% .

T ab l e  6 — 1

ENE R GY BALANCE
( Mi )

o l l e c t e d  + 615.11
— 2 4 2 . 9 4

~ t or  ed — 66. 1)0
Lost — 306.17

6—12
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6. 3 Mon thly Performanc e

The m o n t h  of F e b r uar y  1977 was chesi-n is t I c -  n o n t  to be

analyzed in this report due to si gti~ ficant changes which occurred .

As is shown in Appendix B, the  d a t a  f o r  Ide  end ot t h i s  mon th ,

espec ia l ly  the  period of 21 to 24 F e b r u ar y ,  w~ s i i i c o r ;p l c - t e .  T h i s

was due to transient problems in the micrc !croceos ( r circuitr y causing

the record tape to not p ick up the data on 22 February and a faulty

I n p u t — O u t p u t  board wh ich  needed r e p l a c e m e n t .  Also . ch- r in n t h i s

t ime , the -  mic roprocessor  clock b e g a n  to  SI - Is I gns of fai l nr~~, with

:i broken L i i i  on one of til e c o m p o n e n t s  as a c-c r .

Fig .  6 — 7  is a r e p r e s e n tat  eon 01 t h e  J i t i  t rn - t h i s  m o n t s .  The

house h e a t i n g  demand s t a r t e d  o f f  a t  t i le hi gh level to -ic expe cted

di ,  r i n g  t IR- w i n  t e i  . -\ r s t x imum of ~ - f l h )  N.] ( Th~ . 690 Bt s - i s  r e q u i r e d

on 8 F e b r u a r y  due to house  clean ing o i l  g l i n t  ing and  t h e  1 .

d c c  r - - a s c d  from ‘ hierc . The Degiec Days f o r  t h e  n o n t L l  a r c  shewn in

F i g.  I — d . On approximatel y 13 to 14 i-ehruin v , 1 IC~~i F~ i n t h e  de gr ee

days oc curred. This peak was higher sac Ii-  ti ~inher of i h e g r e e  days

on 8 Febru-irv , and vet the  house  h e a t i n g  demand did not rise accord—

in g l v .  Thi s was the f i r s t  i n d i c a t i o n  of t h e  e f f e c t i v e n e s s  of the

li re-a foam and roof insulation that had been added to th-s Solar Tc-~ t

Ho se on 2 F e b r u a r y .  A l t h o u g h  the  we a t h er  ap p a r e n t l y  wou ld  cause

tin ,  load to r i s e  to a t  least the  level  of 500 Mi , i t  d i d  n o t .  The

1 ’ i ]  d u r i u ~ 1 )  and 14 Feb rua ry  peaked at  384 N T  ( 3 6 3 .9 6 2  B t u ) . S i n c e

L I i i -  weather i n d i c a t o r s  were not functioning at  t h i s  t i m e , t i le  i~ por—

a n t  c e n t  r i h u t  1 en oh  w i n d  to  t h e  house  h e a t  ing  load  canno t  be

det ermined. i c - iwever , t i s i n g  t h e s e  two figures , t h e  c o n t i n u e d  e f f e c t

of u r e a  t eam is o b v i o u s .

6 13
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For exampl e, the highes t deg ree day r e c or d i n g  occur red  on

25 and 26 Februa ry ,  w i t h  an average o u t s i d e  a i r  t e m p e r a t u r e  of —8 °C

(18°F) and a snowstorm in progress .  Yet , during this period , the

house hea t ing  load did not  rise above the level reached on 14 February .

The added i n s u l a t i o n ’ s e f f e c t was d i r ec t  in r educ ing  the  large load

from cold air  and indirect  in r educ in g  the  e f f e c t s  of t h e  hi gh winds

that accompanied the blizzard .

Fig.  6—7 also r e f l e c t s  the c o n t r i b u t i o n  of solar energy to the

house heating load . During the month , 7,741 Mi (7 ,337 ,000 Btu ) were

supplied to the house and 44% was from solar energy . One day (17

February) was 100% solar energy . The effects of the lowering of

the tank con t ro l  to 34°C (94 °F) and the  decreased  mass a re  apparent

when the to t a l s  of the two years are compared . The e n e r gy  provided

by solar in February 1976 was 2 ,645 Mi (2 ,507 ,000 Br u) and i i i  1977 ,

3,436 NJ (3,257 ,000 Btu)(18,990 Mi vs 20 ,865 Ni available energy).

The performance of the arrays is reflected in Figure 6— 9 and

6—10. Tite first figure shows the available energy 
~~av~ 

to tile

arrays throughout the month . Tile insolation on tile tilted surfaces

always exceeded that on the horizontal during this period due to the

low position of the sun in the southern sky. Around 17 February the

root array at 52
0 

finally began to receive- more 1
~av than til e ground

array at 60
0. This was more pronounced by 20 February and continued

t o  t h e  end of the month. Fig . 6—10 shows the efficiency of the

a r r a y s .  l’he efficiency is defined as the energy collected

d ivided by th i e energy available 
~~av~~ 

l’he arrays showed an early

t e n d e n c y  f or  t h e  g round  a r r a y  to he more e f f i c i e n t  t h a n  the -  r o o f .

6—16
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The roof a r r ay  began to show some improvement  aL ab u t  16 Pebr  ~~ i

but  was ve ry  low f rom 25 to 28 February . This was the eff~ Ct of

snow deposi ted on the  arrays . As discussed in the  f i r s t  i n t e r i c ~

technical. report , the ground array will clea r of s-now much sooner

tha n ,  the roof a r r a y . Also , the pyranolnecer re ta ined  some sno’~ on

26 F e b r u a r y ,  b locking the sun ’s rays from the measurement  dev ice

and explaining the  108% e f f i c i e n c y  on tha u day . The direct result

of snow accumulation was very poor roof array perf urniaa-:e whiLle t n

ground array was functioning normally .

The overall  e f f i c i e n c y  fo r  the two arcays -~‘as 47%, with

9 , 879 Mi (9 , 263 , 758 B t u )  collected O u L of 20 , 865 NJ ( I J , 7 7 6 , C -l ’ ?  Btu ’

avai lable  and w i t h  the roof a r ray  s li gh t ly  more e f 1~~n i c a t .  The

overal i e f f i c i e n c y  obta ined by d iv id ing  t h e  3, 4 d b  Ni ( 3 , 2 n , 2~~3 B t c t )

prov ided to ti - ic - douse by 
~av 

was 16.5%.

6.4 Year1~ Performance

The co l lec t ion  of data f o r  the Solar Test House covc- r~ t I c  t

f rom D - c -eni t c c - r  1975 until the present. As t he pr~ lee L be gan to exc~

~ne “ c a r ’ s opera t ion , y e a r l y  p e r f o r m a n c e  could f i na l  lv be ex eyin t-c i

nO d i n - t l v z e d . The da ta  on Fi gures 6 — 1 1  to 6— 13 r ep r n ~~s - t  I b i s  L ime

per io d  an d  in c l u d e s  the  data  f rom the  f i r s t  i n t e r i m  t ccl ni ‘l r~:pc 1 t

f o r  compar i son  to l a t e r  d a t a .

F i g .  6—11 shows the heating d emand experienced by the -leii r

Test Hou se an d  the amount  supp l i ed  by the so! sr  en e i g  S s tem .

This I i g i ~r i -  u ses  a f u rnac e e f f ic iency of 50% . The da t a  f r o m  Dec ember

i97~ and January  1976 is incomplete due to operational difficult i es

during th o— ,e month s .

(,— 19
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The f i r s t  year ’ s pe r fo rmance  ref1ects toe :ii-ilLtv a t  the- so Jni r

energy system to supply the demand under the orLnI al control svscei-

log ic. ‘Ihe reduction of tank mass and the lo,- eri~~ a t  control tem-

peratures became effective in December 1d 6  nod t!~~ iota first

r e f l e c t s  t h i s  in F e b r u a r y .  F i g ure  b — i c  a~~I I~ ib ic -~~~—2 ’OLil souc t~ l~

load t h i s  nor th and the suh se- -3 le n t  ir~~ra - - ~~~n t of Inc percentage of

solar contribution. Fig. 6—12 clea r ’~ ind ~~c - .Ies ti e  on- cird t rend of

improvement in Lhe solar ene- r - - ‘ -‘ sy s t e m  ~c - r  [ cr - a l o n e  from the pruvious

yea r d u r i ng  t h i s  period and no to  t i e  o r e  s~ - -~~t . T h i s  ~m p r ov ~-oient  is

espec ia l ly  ap p a r e n t  when compar  b i g  t h e -  d e g r e -  ~oy o  o f c- n h  t’ear 51 cc

in Fi g . 6— 1 1. Th is  i ig ~re sh i w c -  t h i  t t he  t i - a  v i  n t e - r  5 -ese ns were

very  s i m i l a r  i i  s e - v e r i ty , w i t h  b o t h  cru i t L i s  of N a r - i -  b e i n g  n c a r l \ -

equal  .

t h e  ec - ip ar ison ~~ }-igur 6 — i l  and h — I  sb ac - e cloonic c e f e - -
~~ s

of the urea I oatii ins t a l  la t ion n i c e  cie U S C-  . Ac - ic - n i - c c - cs~~ec in . th e

m o n t h l y  :- ex  armanee - section , t i t  f o a m  - -in immed~oi t -: c l a n  d r am a t i c

e f f e c t  on t h e  IS c I S O  heating de -rc : n d .  1 ~s ccas espec1~~l ~~: s ih ) l l t i 0 0 0 L

whe n t h e- dog i - c - d lvs of each month , are rocopa r e- -i - - e a r  to y e a r .

W i t  Ii b o t h  p e - r i o d a  hav ing  n oon s equal ponsi Ii  e i c - c t  loads  du e -  t a l o w

amh , i ent  ton ‘c-rat n r c -s , c i i i  a r e d u c t  ion in a -n -Ic ii i~~- c t I oaeh in t h e

h o u se , i n s t i l l  i t  i o ; c  o f  urea  t a m  p r - c v e d  i t s  w o r t h  . l h h c c - d u c t i o n

all ~wed i h ~- s o l a r  ene rgy  sy s t e m  t i c  op e rat e  to 4 u p o  lv a sma l ler load ,

and d ire t l y  i m p r o v e d  ove ra l  1 ~-f f i r  l e l e - V  able- 6— 3 shows thn’ t — is

t i m e  p rog re ssed , and t he  m l  ii L oral - I 55 in ne - c  c-ni h r 9 7 5  .in i

. l ; in ij arv  lY7o ire n - i t  included , yc -Ti ! ly j et fermacie -~ Improved to 4°d ot

th e load supp ii ~-d by - I or  L’tIc rgv . cent i nua t i or’ c I this imp rovetnen t

- ---5— -- —-- -- - —--- -- ----- -____ --~~~~~~~~ — -—- — - -
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HOUSE HEATING DEMAND

(MJ )

Requ i r ed
Month Provided 70%* 5Q%*

Dec 75 657 797 1 8% 5882 110/.

Jan 76 678 7118 10% 5278 13%

Feb 76 2645 9365 28% 7445 36%

Mar 76 4117 11625 35% 9480 43%

Ap r 76 3777 7575 50% 6490 58%
May 76 1462 3755 39% 3100 47%

Jun 76 - 891 895 100% 894 100%

Ju l 76 — — — — -

Aug 76 50 50 100% 5! 100%

Sep 76 800 853 q4~ ~~~ 957 :

Oct 76 3647 7020 52% 605t 60%

Nov 76 4694 13202 36% 10771 442 1

Dec 76 2452 8851 28-2 7029 35%

Jan 77 2114 10150 211 ‘8 14 7Z

Feb 77 3436 9465 3~c - 77 4 1  -~~1;

lIa r 77 4581 78 ! 6 59% 0 0 U 2  66b

Apr 77 2226  3343 67 % 3024 74 %

*Furnace  E f f i c i e n c y

Table 6—2 . Mon th ly  House Heating Demand

_



~

HflUSE Ii EAT INC DEl lAb
TOTAL S

(MJ )

Solar Prov ided To~~i1 Requirements

( 7 0 ’ l *  (5 0%) *

December 1975 — November ] 9 T ( ’

23 , 418 69 , 429  56 , 29 1

3471 42%

Febr uary 1976 — January 1977

26 ,649 73 , 3 - + 1  60,Oi4

44 %

A p r i l  1976 - March 19,7

27 , 904 ~~~~~~ 57 , 7 2 2

May i-~~6 — A p r i l  1977

26 , 353 65 , 4 i ) 0  5~~, 256

40b

*Furnace Efficiency

Table 6-3 .  Y e a r l y  House Heating Demand Totals

_ 
_  
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through to the summer months is antici ;-ated with 1-lay 1977 performance

reaching 100% one month earlier than May 1-)7f. The ciecreased per-

formance experienced in May of 1976 was a result of various system

problems which will be discussed later.

The energy available to the collectors and the solar panels

performance for the project time period is shown in Figures 6—14

and 6— 15. This performance started at a lower level during initial

operat ions  but  eventually settled at a level between 5(i% and 60%.

The apparent  d ip  in performance in October 1976 was dn~- to a failure

in the pyranometer amplifier circuit and its subsequent replacement.

Th e over all ef f i c iency from March 1976 to April 1977. exclusive of

this dip in October , was 55%. The differences be tween the two arrays

wer e of ten very slight , with the crossover points I c i n g  d iscovered

f o r  the  var ious angles and d iscussed elsewhere in t h i s  r e p o r t .  In

general  t he  ground and roof a r r a y s  p e r f o r m e d  as e x p e - : L e - d ,  w i t h  a

s u b t l e  s u r p r i s e  d u r i n g  the  summer.  This p er iod  of li - - i t we ather siw

a decrease in the e f f i c i e n c y  of t he  ron- f arr ay  is compared  to t h e

ground array . Th is was due to the hi gher  t e m p - r o t i c r o s  t h a t  ex is ted

in the c oL l e c t i o n  loop of the  roof a r r a y .  t Id e- cause ot  t h i s  was the

f a c t  t h a t  the roof a r r a y  was sepa ra t ed  f r o n i  t he  a t t i c  ‘f the  house

by on l y one sheet  of plywood p a n e l i n g .  The higher temperatures in

the attic transmitted into the back of the solar panels and raised

t h e i r  s u r f a c e  t e m p e r a t u r e s .  The higher sur i - i-o t e m p e r a t u r e s  m m c d i —

ite ly resulted in reduced collector c I t  i c i .. i v .  h i s  l a y  b~ eae

disadvantage of mounting collectors onto a r e f  w i t h o u t  insulation

behind them or without a way to vent the hot .ii r -i t  ot the roof

during the summer.

6—2 6 — 
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A second reason for slightly less performance efficiency for

the  roof array was its greater tendency to air blockage. Again ,

this problem tended to manifest itself in lowered performar1ce by

not al lowing the collect ion f lu id  access to a significant area of

the  absorbing s u r f a c e .  The effective area of collection was cut

and the roof a r ray  e f f i c i e n c y  s u f f e r e d . I t s  t e n d e n c y  to have t h i s

problem more than the ground array was directly related to the

height of the roof panels in that 1oop versus the h e i g h t  of the

ground panels when compared to the  pump and original bleed air valve

pos i t ions .

6 .5  Problem Areas

During the operation of the solar energy sy s tem liver th is  time

period , numerous problem areas were encountered and solutions attempted .

The s t a r t  up pe r iod  was characterized by micropro ees-- r  checkout and

control program verification. This would o ccur with almost an’~- new

system u n t i l  t he  i n i t i a l  “bugs ” were  worked o u t .  The or i g ina l  s yst e m

of paper  tape being produced every 15 m i n u t e s  to re -co rd  t li~ da ta  was

prone  to j a m m i n g  due to  the  tape d r y i n g  up t he  lu b r i a nt  or  t he  t i n y

do t s  becoming s t u c k  in the gear ing  of the  p u n c h .  The t~ - 1 i an c e  of the

c o n t r o l  s y s t em  in t i le va r ious  t e m p e r a t u r e  s e n - c r y  d i c t a t e d  er r a t i c

o p er a t  ions  i f  t i -ic sensors shou ld  f a i l .  The most cr 1 t ica l  ~enso

became t i le  t a n k  sensor .  This was due  to i t s  f u n c t i o n  in  t he  c o n t r o l

loop for the start up procedure , the hourly running of the system .

and t h e  use of so l a r  energy in the  s t o r a g e -  t a n k  to supply ti lt - house

h e a t i n g  d e m a n d .  Th is  sensor f a i l e d  n u m e r c c c c - ,  t i m e s  due  to d i r e c t

immersion in the s tor~1gt-  t a n k  w a t e r .  h u e  w a t e r  wou ld  work  i t s  way

6— 29
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in to  the  w i r i ng  and s h o r t — c i r c u i t  the  sensor c i r c u i t .  The f i n a l  f i x

of the annoying problem was the enclosure of the sensor in a copper

pipe which was capped at the  lower end . TLe upper  end was packed

w i t h  d e h y d r a n t  and sealed wi th  silcon gel. This arrangemen t stopped

sensor failure at the slight sacr if i ce of less than ab sol ut e accuracy

of t emperatu re  readings  due to the conduct ion  of copper rather than

d i r e c t  immersion.

The over r id ing  problem of air blockage continued through to

Apri l  1977. Once a block occurred detection was often indirect. A

de crease in e f f ic iency was a good i n d i c a t i o n , bu t  t ha t  only became

apparent after analysis of the data sometime later. Feeling the

panels was another detection process which was easily done on the

ground array but not so on the roof. Noticing that the array surface

temperatures were elevated more than normally (during the day) was

another method of detection but this only worked if the blockage

happened in cluster one or four where the sensors were located . The

i n s t a l l a t i o n  of the  mul t ip lexer  and sensors  solved t h i s  p rob lem on

the ground a r r a y .  Air  bubble sounds in the array plumb ing was still

another method as was the observation of elevated pre -~-ocres during

operathon of the collection system . Once observed , the only correc-

t i o n  p r o c e d u r e  was to take o f f  t he  f l a s h i n g  a t  t ilt - top or the  a r ray

and a t t a c h  the  small , submers ib le  pump at the end of the return line

under cluster four. A bucket of collection fluid was used to supp ly

makeup  f l u i d  and each panel  was individually char i: ecl t-cy opening the

petcock at the top. This procedure took a b o u t  one hour  fo r  each

array. An automatic changing system is therefore being explored

6— 30
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presently to allow automatic air bleeding and recharge whet- ?vt-r

system pressure drops below a preset level.

The variable valve electronics system .-sused d i fri rulty in

de termining the actual flow rate directly fo: analysis p u r p o se s .

Since the or iginal  plan had called fo r  electronic reading of the

flow rate through Pottermeters and since thi.~ system had never been

instal led , f low ra te  based on valve position was the only way to

re lay  tha t  information to the analysis program. The valve developed

some slack in the linkage such that the selection by the micropro-

cessor of a certain signal did not necessatily transTht-e to the

exact desired flow rate. This probleni usually showed up in analysia

of the  data and a sudden increase in panel e f f i c i e n c l ’ . i f  the

mechan i sm fo r  cont ro l l ing  the valve position eve-iran its stop~~ ,

the  valve became 1800 out  of sequence and c71ened full y at n i n l i t .

This was observed e i t h e r  d i rec t ly b ’ the  rc-sid~- tit e:lgi ic er or

i n d i r e c t l y  by observing the  hi gh roof a r r a y  t e’r~ er a t  ‘ i i  c - . due to

therma l s i p h o n i n g .  Other  problems evolved if the e l c c tr i c a l  c i r c u i t

became s l i g h t l y  out of a d j u s t m e n t .  C o n s e q u en t l Y , the v - i r i t h l c  flow

r a t e  f u n c t i o n  caused numerous r e p a i r s  t o  be m a d e  and n-n e r € - w i r i n g

of the  sys tem h a d  to he accompl ished . I t  has no t  be -en d e t e r m i n e d

if t he  v a r i a b l e  opt ion  has proven economicall y a - k ’ i n t a g e c us due to

these  p r o b l e m s .  I t  does allow e x t r a  ene rgy  to be c ’l leoted  d u r i n g

marg inal  c o n d i t i o n s , tu d  could a l low c o m p u t e r  c o n t r o l  to  set

v a r i o u s  c on t r o l l i n g  s t r a t e g i e s , b u t  t hese p r o b l e m s  SV C made th e

research team members w a r y  of a t t e m p t i n g  too many  c ha n g e - s  u n t i l

6— 3 1
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further repairs are made to correct the vari abl e- nature of the

valve con trol response to microprocessor  i n s t r u c t i o ns .

6 .6  Natural  Gas and Electr ici ty Consumption

The consumption of natural gas to heat the house , supply the

domestic hot water (DEW) and cook the food was metered throughout

this test period. The meters used were standard gas company resi-

dential meters which were calibrated by the local gas company

during January 1977. The control house (CH) data became important

at this point for the comparison of i ts consumption to that of the

Solar Test House (STH). The da ta  is listed in Appendix C and

summarized in Table 6—4.

Correlat ion of the CH to the STE fo r  d e t e rm i n a t i o n  of savings

was very d i f f i c u l t .  The ori ginal fami l y in the  STE a d d e d  One member

in June 1976 , and th is  was r e f l ec ted  in g r e a t l y  increased n a t u r a l  ga;

conusmption for DEW. The two families did not maintain very similar

l i f e s t y l e s  and such things as house guests or leave made d i f f e r e n c e s

in the consumption rate. For purposes of compar ison , t h e r e f o r e , the

na tu ral gas totals must be viewed in the light of dissimilar occ u p a n t s

and hab i t  p a t t e r n s .

Table 6—4 shows the savings realized by tuìe u~ e of solar

energy  for  the STE thermal loads. The contribution of 36% of the

t o t a l  load i s  very  si g n i f i c a n t  c o n s i d er i n g  the previou sl y ment ioned

d ifferences In the size and types of families involved plus ticc

constant tours occurring at the STE . The PEW total was v e r y  low a t

2b~~. This  led to a t es t  to d et e r m i n e  t h e  amount  of n a t u r a l  gas used

for the p ilot light , which was measured at 25 cubic feet per day.

L 
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This natural gas usage was just to keep the tank mass a t  the present

storage level temperature. Another test was ~onducred to d e t e r m i n e

the efficiency of the furnace. The initial results indicated an

efficiency of converting tile 0.84 ~1J (7h5 Btu) available from each

cubic foot of gas to heat into the the outlet ducts at 65”~. The

local gas company and o ther  researchers  in so lar  energy  in the area

use an efficiency of 50% for a new furnace. Since t i le  ones in the

houses were installed in 1959, the  e f f i c i e n c y  used for the project

was assumed at 50%, with a range shown on some fi gures to 70%.

The e l ec t r i ca l  consumpt ion  of the  STE is also l i s t e d  in

Appendix  C by to ta l s  measured fo r  each of the  ma jo r  componects :

the fan , and t h e  fou r  pumps . The to ta l  consut~ tion of electricity

to power the solar energy systems was 47~ 1.6 K1~H fce:~ >lorch 1976

to April 1977. Sinc e the fan would have bee-il used to prov ide  the

house heating even with all natural gas . tile consumption without

it was 3288.7 KWH . Tile erergy delivered ~~ the so l -ir energy system

d u r i n g  t h i s  t i m e  was 42 , 333 MJ i n c l u di n g  t h e  f L i c r e  of 8086 ta. )

(7 , 663 , 800 B t u )  f o r  9640 cubic  f e e t  of  n a t u r a l  gas f o r  DEW . Th e

r a t i o  of NJ/K WH ~as 12 .87 and 12 , 2W ) ~or B t u / V W I I .

Table 6—Li . NATURA L GAS SAVIN GS (FT 3)

Total HI-ID DEW

Cl-1* 247,820 189 ,e150 4 Q 7 g

STE 159,750 1l2, -’c40

Savings 88.070 7/. 510

36 A l 20

*ChI does no t  i n c l u d e  J a n u a ry  1977
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6.7 Overall Anal~~j~

The system as a whole actually functioned rather well during

this reporting period. When left alone and not varied too often ,

the system ran at a level of performance a normal homeowner would

have expected. There were occasional leaks due to the thermal

stresses in the solder joints and the air blockage problem was

always present. A homeowner could have maintained this system by

occas ionally feeling for the blocks and bleeding the air if necessary

while recharging the fluid . An automatic system would relieve him

of even that task. Once running , the system ’s automatic control

leaves little to do but oil the pumps and check general conditions.

A simpler valve ins talled in a home would solve the valve mechanical

problem at a small reduction of some energy collection . The changing

of the ground array angle appears to be only iieces~;~ rv twice a year ,

from 450 to 600 and back. Thus, this system , without the research

capability and variability, proved reliable and very teasibie overall.

Problem areas were noted and corrections proposed with implementation

already accomplished or planned for the future.
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CHAPTER 7

CONCLUSIONS AI’~D RECOMMENDATIONS

7.1 Conclusions

The conclusions drawn from the experience gained on this pro-

ject and the data analyzed by the researchers are the following:

a. Yearly performance improved throughout this reporting

period to reach a maximum of 49~ of the- house heating demand be ing

met by solar energy.

b. Air blockage in the collector arrays caused a decrease

in collection efficiency due to restricting the fluid flow and

increasing the collector surface temperatures.

c. Collector slopes affected collection efficiercy with

600 being more efficient than 52° during the early winter. A

collec tor slope of 450 was more efficient than 52
0 

during most of

the year.

d. Decreasing the storage tank water mass and lowering

the control temperature increased the t ime the energy in the tank

could be used and increased the overall solar contribution to meeting

the house heating demand .

e. Slowing the flow rate through the collectors increased

return ing water temperature entering the storage tank but decreased

collection efficiency .

f. The faster shutdown procedure saved energy normally

lost during periods of lower insolation and . older tem peratures.

7— 1
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g. Urea foam , ceiling insu lat ion, window panel insulation,

and crawl space insulation dramatically reduced the house heating

demand .

h. Thermographs of the ground array qualitatively indica ted

the temperature distributions of the absorber surface.

i. Thermography can be used to determine solar collector

flow patterns , air blockages , and balancing requirements .

7 . 2 Recommendations

The following are recommendations for continued research on

this project:

a. Continue to monitor the effects of the various system

and opera tional changes for compar ison to prev ious perf ormance .

b. Determine the overall effects on the solar energy

sys tem e f f ic iency from the energy conservation techniques used to

date.

c. Determine the effects of further reducing the storage

tank water mass.

d. Solve the air blockage problem on the roof array by

installing additional air vents.

e. Ins tall triple glazing to determine its effect on

house heating demand .

f. Ins tall a new sensing system for the domestic hot

water system to determine the solar energy contribution.

g. Install flow meters on the collector fluid flow loops

to de termine the ra te by micr oprocesso r inpu t and computer analysis.

7—2
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h. Determine the effects of roof array and ground array

0location by placing both at 52

1. Install a second generation solar collector on the

ground array for direct comparison to the present collectors.

~~~
. Install an automatic makeup water system for the

collector arrays.

7 — 3
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APPENDIX A

REVISED CALCULATED HEAT LOSS FOR

TYPE 12 QUARTERS (INCLUDES

ENERGY CONSERVA TION CHAN CES )
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Room! Structural Area Heat Load Totals
Space Component Crack L U txT (Btu/Hr) (Btu/Hr)

Entry Floor 44 0.070 50 155
Ceiling 44 0.029 72 92
B&B Wall 6 0.064 72 27
Glazing 56 0.560 72 2258
Panels 0 0.300 72 0
Door 21 0.330 72 499
Infilt

D 20 1.000 72 1440
Infil t

~ 
42 0.500 72 1512 5983

Living Floor 270 0.070 50 950
Room Ceiling 270 0.029 72 563

Brick Wall 132 0.051 72 483
B&B Wall 128 0.064 72 590
Glaz ing 84 0.560 72 3387
Panels 0 0.300 72 0
Ir,filt 63 0.500 72 2268 8241

Kitchen Floor 104 0.070 50 366
Ceiling 104 0.029 72 217 583

Dining Floor 104 0 .070 50 366
Room Cei l ing 104 0 .029 72 217

B&B Wall 16 0.064 72 74
Glazing 56 0.560 72 2258
Panels 0 0.300 72 0
Door 17 0.330 72 404
I n f i l t  17 1.000 72 1224
lnfi 1t~ 42 0.500 72 1512 6055

Bath #1 Floor 40 0.070 0 0
Cei l ing 40 0.029 72 84
B&B Wal l  40 0.064 72 18.5 269

Bath  #2 Floor 40 0.310 0 0
Ce i l i ng  40 0.029 72 84 84

Master  Ce i l ing  192 0.029 72 401
Bedroom Floor 192 0.310 0 0

B r i c k  W a l l  128 0.051 72 468
B&B Wal l  32 0.064 72 147
Glaz ing 40 0.560 72 1613
Panels 16 0.300 72 34(.
I n f i l t  42 0.500 72 1512 4487
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Room! Structural Area Heat Load Totals
Space Componen t Crack L U ~T (Btu/Hr) (Btu!Hr)

Hall! Floor 120 0.310 0 0
Stairs Ceiling 120 0.029 72 250

Brick Wall 48 0.051 72 176 426

Bedroom Floor 130 0.310 0 0
#2 Ceiling 130 0.029 72 271

Brick Wall 180 0.051 72 366
B&B Wall 16 0.064 72 74
Glazing 40 0.560 72 1623
Panels 16 0.300 72 346
Infilt 42 0.500 72 1512 4192

Bedroom 
Same s Bedroom #2 4192

Basement Floor 720 0.10 20 1440
Walls 112 0.10 38 426 1866

CRA~D TOTAL : 36 , 378 Btu/Hr
(28% reduc tion)

A- 3
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APPENDIX B

SOLAR ENERGY SYSTEM TAB tARIZED PERFORMANCE

DATA SUMMARY

(May 1976 to April 1977)

TITLE PAGE NO.

May 1976 5— 2
Jun 1976 B— 7
Jul 1976 B—1 2
Aug 1976 B l 7
Sep 1976 B—22
Oct 1976 8—25
Nov 1976 B-30
Dec 1976 8—35
Jan 1977 8—40
Feb 1977 8—43
Mar 1977 8—48
Apr 1977 8—53
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SOLAR TEST HOUSE DATA SUMMARY

May 1976

Days of Record Considered — 27

Total Hours Analyzed — 586

House Heat ing Demand — 2 , 938 ,236 Btu

(Hour ly)  — (5014 Btu/Hr)

Average Solar Insolat ion — 1497 Btu/SF

Average Number of Degree Days — 14.3

Btu Available to Solar Arrays — 12,319 ,485

Btu Collected by Solar Arrays and Storage Tank — 7 , 027 , 889
(57% of tha t  available)

Btu Provided to House for Heating by Solar Energy — 1, 385 , 125
(47% of heating demand , 50% e f f )
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SOLAR TEST HOUSE DATA SUMHARY

June 1976

Days of Record Considered — 28

To tal Hours Analyzed — 663

House Heating Demand — 847,348 Btu
(Hourly) — (1278 Btu/Hr )

Average Solar Insolation — 1868 Btu/SF

Average Number of Degree Days — 5-3

Btu Available to Solar Arrays — 14,449 ,254

Btu Collec ted by Solar Arrays and Storage Tank — 8,649,502
(60% of that available)

Btu Provided to House for Heating by Solar Energy — 844,154
(100% of hea ting demand , 50% eff)
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SOLAR TEST HOUSE DATA SUMMARY

July 1976

Days of Record Considered — 22

Total Hours Analyzed — 563

House Heating Demand — 1486 Btu
(Hourly) — (2.64 Btu/Hr)

Average Solar Insolation — 1708 Btu/SF

Average Number of Degree Days — 0.75

Btu Available to Solar Arrays — 11,493 ,302

Btu Collected by Solar Arrays and Storage Tank — 6,201 ,337
(54% of that available)

Btu Provided to House for Heating by Solar Energy — 1486
(100% o f hea ting demand)
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SOLAR TEST HOUSE DATA SW-~
’-iARY

August 1976

Days of Record Cons idered — 28

Total Hours Analyzed — 642

House Heating Demand — 47,558 Btu
(Hourly) — (74.06 Btu/Hr)

Average Solar Insolat ion — 1387 Btu/SF

Average Number of Degree Days — 1.77

Btu Ava ilable to Solar Arrays — 14,266 ,813

Btu Collected by Solar Arrays and Storage Tank — 8,757 ,695
(61.4% of that available)

l3tu Provided to House for Heating by Solar Energy — 47 ,558
(100% of heating demand)
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SOLAR TEST HOUSE DATA S UMMARY
- Sep tember 1976

Days of Record Considered — 16

To tal Hou rs Analyzed — 427

House Heating Demand — 794 ,271
(Hourly) — (1860 Btu/Hr)

Average Solar Insolation — 1129 Btu/ SF

Average Number of Degree Days — 5.84

Btu Available to $olar Arrays — 9,319 ,601

Btu Collected by Solar Arrays and Storage Tank — 5,310 ,037
(57% of that available)

Stu Provided to House for Heating by Solar Energy — 757,766
(95”!. heating demand , 50% e f f )
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SOLAR TEST HOUSE DATA SIJMNARY

October 1976

Days of Record Considered — 30

1’otal Hours Analyzed — 700

House Heating Demand — 5 , 739 , 980
(Hourly ) -- (8200 Btu/Hr)

Average Solar insolation — 1154 Btu/SF

Aver age Numb e r of Deg ree Days — 2 2, 5

Bt u Available to Solar Arrays — 18,460 ,164

Btu CollecLed by Solar Arrays aLd Storage Tank — 7 ,855 ,654
(43% of that available)

Bt u Provided L o House for Heating by Solar Energy — 3 ,456 ,279
(60/  heating demand . 50% et ’f) (18.7% of that available)
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SOLAR TEST HOUSE DATA SU~-1~AR’i
’

November 1976

Days of Record Considered — 29

To tal Hours Analyzed — 585

House Hea t ing Demand — 11,364 ,008 Btu
(Ho urly) — (19 ,426 B tu/Hr)

Average Solar Insolation — 727 Btu/SF

Average Number of Degree Days — 30.2

Btu Available to Solar Arrays — 15,968 ,81S

-Btu Collected by Solar Arrays and Storage Tank — 9,201,476
(57.6% of that available)

Btu Provided to House for Heating by Solar Energy — 4,449 ,449
(44 % of hea ting demand , 50% e f f )  (27 .9~ of tha t available)
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SOLAR TEST HOUSE i’)1T~ SU~-E’L’,P~’

December 1976

Djys of Record Considored — 22

Total Hours Analyzed — ‘~77

Houst, heat ing Demand — 8,088 ,881 Btu
(Hourly) — (16,958 Btu / H r )

Average Solar lnsola~ ion 
— 691 Btu/SF

Average Number of Degree Days — 34.0

Btu Available to Solar Arrays — 14,394 ,822

Btu Collected by Solar Arrays and storage Tank — € ,958,739
(4~ . 37 of that available)

Btu Providud to House for Heating by S ” l i r  L:ier ~~v — 2,JS1 ,251
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SOLA R TEST HOUSE DATA SU -IN A F ~Y

Ja nuary 1977

Days of Record Considered — 19

Total Hours Analyzed — 375

House Heating Demand — 8,286,410 Btu
(Hou rly) — (22 ,097 Bt u/Hr)

Average Solar Ins olation ‘- 634 B t u / S F

Average Number of Degree Days — 38.4

Btu Available to Solar Arrays — 10,113,583

B tu Collected by Solar Arrays and Storage Tank — 4,807 ,498
(47 47 of that available)

B tu Provided to House for Heating by Solar Energy — 2,004 ,075
( 2 7 . 0 %  of heating demand , 50% e f f )  (19 . 8% of tha t available )
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SOLAR TEST HOUSE DATA SU~tMARY

February 1977

Days of Record Considered — 25

Total Hours Analyzed — 505

House Heating Demand — 7,337 ,946 Btu
( H o u r l y )  — (14 ,530 Bt u/~ir)

Average Solar Insolation — 939 Bt u / ~~F

Average Number of -Degree Days — 25 .8

Btu Available to Solar Arrays — 19,776 ,619

Btu Collected by Solar Arrays and Storage Tank — 9, s63 ,758
(47, 3~ of tha t available)

Btu Provided to Hou0)e for Heating by Solar Energy — ?,256 ,238
(44 0/ of huating demand 507 eff) (16 5/ of thd t i5railahle)
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SOLAR TEST HOUSE DATA SUMMARY

April 1977

Days of Record Considered — 28

To tal Hours Analyzed — 607

House Hea t ing Demand — 2 ,866 ,000
(Hourly) — (4722 Btu/Hr )

Av erage So lar Insola t ion — 1398 Btu/SF

Average Number of Degroe Days — 20.1

B tu Available to Solar Arrays — 14,517 ,542

B tu Collected by Solar Arrays and Storage Tank — 8,608 ,993
(59% of that available)

B tu Provided to House for Heating by Solar Energy — 2 ,110,189
(74% hea ting demand, 50% eff) (14.5% of that available)
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APPENDIX C

NATURAL GAS AND ELECTRICITY CONS UMPTION

TITLE PC\C E NO .

Nat ural Gas Consumption (5TH ) C-,?

Natu ral Gas Consum ptio n (CH ) C-3

Electr icity Usage C— 4

I

C—i
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NATURAL GAS CONSUMPTION (FT 3)

STH

Mon th Total Heating DHW St3ve

F
1 

7,600 6 ,510 1010 80

M 17 ,480 15,210 2180 90

A 13 ,200 9 ,360 3320 520

M l0;llO 6,310 3310 550
,r 5,700 1,680 3380 640

J 2 4,740 1,310 2520 910

A 3 ,510 1,360 1670 480

S 9 ,050 4 ,880 353O~ 640

0 11,950 7 ,870 3680 400

N 18 ,250 14 ,720 3110 420

D 29 ,760 24 ,430 4000 1330

J l977~ -- -- -- --

F 9 ,420 7 ,620 1480 320

M 13 ,090 8,990 3370 730

A 5 ,830 2 ,190 ~OO0 640

To tal 159 ,750 112 ,440 39, 560 775 0

1 
Last half of mon th only

2 
Fur nace tests and house guests

3 New baby (diapers)
4 Me ters removed 3 Jan—10 Feb

C— 2
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NATURAL GAS CONSUMPTION (FT3)

CH

Month Total Heating DHW Stove

F1 197c~ 13 ,540 11,550 1890 100

M 27 ,720 23 ,010 4020 690

A 21, 250 16 , 330 4280 640

M 14,450 9,980 3820 650

J
2 

6,800 3,620 2750 430

J3 4,270 1,570 1650 1050

A 5,580 2 ,100 3000 480

S 12 ,090 7 ,600 3740 750

0 16,360 12,600 3720 640

N 24 ,040 19 ,630 3720 690

D 31 ,240 27, 220 3450 570

J
4 1977 29 ,920 25 ,9 30 348 0 510

F 25 , 180 20 , 320 4290 570

M 24 ,280 19,640 4050 590

A 20 ,420 14 ,780 4820 820

Total 277 ,740 215 ,880 52 ,680 9180

1 Las t half of month only
2 House emp ty two weeks
3 Hou se guests 23 Jun— 6 Jul
4 House emp ty two weeks

c — 3
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ELECTRICITY USAGE

5TH
( KWH )

Mon th Fan RA HC GA DH~

M 1976 l58 7 9 7 8  33 .5 116.3 — -

A 124.1 122.3 29 .7 132.8 --
M 53.6 122.0 16,6 l27 .~ --

J l7-.8 9 9 0  5 . 3  1 0 5 . 2  4 . 0

J 0 . 2  74. 1  0 , 2  7 5 . 7  5 . 8

A 1.0 84.4 0 .4  100 .5 2 0 0

S 2 7 .0  100.1 4 . 6  L -~. 3  9 . 4

0 9 7 . 7  100.2 2 3 . 5  1 0 7 . 8  9 9

N 159.0 88.4 34.2 87.3 5.9

D 179.9  9 7 4  3 3 . 8  9 8 0  5 . 9

J 1977 239 .9 108.3 4 7 l  104.9 13.9

F -- -- -- -- --

M* 335.0 206.0 73.0 2~~~.0 10.0

A 6 9 - 0  9 3 . 0  21 . 0  9 6 . 0  7 0  C

To tal 1,462.9 l ,393 0 322.9 1 ,481.0 91.8

* February and March combined

C— 4
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